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trolling the pressure of the 
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Resilience of Scoured Wool 


Adnan Demiruren! and R. H. Burns 


Wool Department, University of Wyoming 


Abstract 


The 6 inherent fiber properties, tensile strength, fiber length, fiber thickness, contour 
(major-minor axis), crimp length to depth ratio, and crimp depth were responsible for 
31% of the variations in the compressional-bulk resilience of wool. In the case of 
maximum load or stiffness, these same 6 inherent fiber properties were responsible for 
85% of the variations. In both cases, the most important inherent property was tensile 
strength. It accounted for 17% of the variations in the compressional-bulk resilience of 
wool and for 66% of the variations for maximum load or stiffness. Fiber thickness was 
the least important while the other inherent factors were intermediate, with contour and 
crimp affecting resilience and fiber length and crimp affecting maximum load or stiff- 
ness. Compressional-bulk resilience has a very narrow range of figures in the three 
wool types studied, while maximum load has over 4 times the range obtained for resil- 
ience. Resilience varies within wool types and is lowest in the fine wools and highest 
in the medium wools, with long wools intermediate. Stiffness or maximum load is high- 
est in fine wools, lowest in long wools, and intermediate in the medium wools. Only 
31% of the variation in compressional bulk resilience of wool can be accounted for by 
the variation in the 6 fiber characteristics measured. 


Introduction granted and studied only for a better insight into 


‘ —_ . the wisdom of Nature. 
Wool has furnished protection to both sheep and 


: 5 : : We now know much about the chemical structure 
humans for centuries against the ever-changing me- 


: ae we of wool, and the electron microscope has revealed to 
teorological and climatic conditions. 


Man has used 
wool as a textile fiber ever since he was able to spin 
and weave it into a rough fabric. 


us some features of the physical structure of the wool 
* : fiber. One property of wool, namely its resilience 
Since that time, 

man has changed the physical dimensions of the wool 
fiber and produced excellent types of apparel wools 
through systematic breeding and improvement of his 
sheep flocks and intensification of the undercoat por- 


tion of the primitive sheep breeds. 


in relation to inherent fiber properties, is rarely men- 
tioned, and we shall now explore this quality of wool. 


Review of Literature 


The results are 
the various types and breeds of domestic or im- 
proved sheep. 


The property of resilience has been given different 
definitions, the most important of which are the fol- 


As wool is a biological product, man 
has very little control over the chemical or physical 


structure of the wool fiber. Both were taken for 


1 Prepared from Ph.D. thesis of A. Demiruren, July, 1954. 


lowing: Hoffman [24] proposed that resiliency and 
(modulus) be used in referring to a substance, such 
as glass, nylon, rubber, wool, etc., and that resilience 
(and stiffness) be used in referring to an entity, 
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such as woolen fabric, a nylon yarn, or a steel spring, 
in each case one of specified dimensions and con- 
struction. 

Smith [36] defined resilience as the ability to ab- 
sorb work without suffering permanent deformation. 

Fox and Schwarz [18] state that the resilience is 
the potential energy due to strain. 

Rees [31] defined resilience in bulk as the amount 
of energy returned by the material between the same 
limits of pressure. For a perfectly elastic material, 
the resilience would be 100%, while for a perfectly 
plastic material it would be zero. 

[21, 22] 


Hamburger defined resilience as the 


amount of strain energy present in a stressed sys- 
tem. 

Beckwith and Barach [6] state that resilience is 
the ratio of work returned upon release of a com- 
pressional load to the total work done in compress- 
ing. 

Mark [26] states that if a given fiber such as wool, 
cotton, rayon, nylon, etc., is to be classified as resil- 
ient, such a bunch of irregular fibers should perform 
as follows: (a) it must offer a moderate resistance 
to compression; and (b) it must spring back vig- 
orously upon relaxation, even after being in com- 
pression for a considerable time. Mark further 
states that the extent to which the suit keeps its 
shape and drape, the absence of bulges at the knees 
and elbows, and the disappearance of wrinkles which 
are formed during daily use after hanging overnight 
will characterize the fabric as to the extent of its 
resilience. He also points out that the character of 
the fibers from which the fabric is built is of great 
influence on the resilience of the latter. 

Gruntfest and Gagliardi [20] state that the wrin- 
kle resistance of a fabric is determined by its multi- 
filament character and by the ability of its separate 
fibers to recover from tensile deformation. 

Cassie [11] states that heat insulation in fabrics 
is normally supposed to be due to “entrapped” air. 
An investigation of the problem of “entrapped” air 
shows that it really implies the drag on the air move- 
ment given by the large total surface of all the fibers 
in a fabric. The accessibility of the fiber surfaces 
to air is probably the most important factor in de- 
termining the “warmth” of different fibers. It is 
shown that this is related to the elastic properties of 
the fibers and wool is an ideal fiber for this purpose. 
He also states that the general properties required 
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of underwear fabrics are that they must provide heat 
insulation with light weight and that they must not 
obstruct the passage of water vapor. Wool, he 
states, has a unique resistance to close packing, and 
92% of the fiber surface in the finished fabric is 
available for air drag. 

Buck and McCord [7] state that the wool fiber 
has properties almost ideally suited for providing 
fabrics with resistance to creasing and wrinkles and 
at the same time for making it possible for the fabric 
to hold a crease when desired. 

Beckwith and Barach [6] state that some wools 
when walked on in carpet form flatten down readily 
and the portions of the pile lay in different direc- 
tions, causing unattractive light-reflection patterns. 
This spoils the appearance of the fabric surface by 
giving it a “mangy” or “scraggly’’ appearance. 
Other wools do not crush as much; their surface is 
uniform and pleasing in appearance, with a pile lay- 
ing in one direction. They suggest that the ability 
of the carpet pile fibers to resist the distorting ef- 
fects of traffic could be evaluated by measuring their 
resilience. 

Rees [31] points out the importance of fibrous 
materials in the bedding and upholstery industries, 
where they are used in bulk. He lists three impor- 
tant physical properties that determine their use as 
a bulk material as: (1) Filling capacity of the fibers, 
that volume occupied by a specified weight of the 
fibers; (2) compressibility of the fiber mass; and 
(3) the ability of the mass to recover from compres- 
sion. 

Hopkins [25] points out the importance of air 
drag in the insulation value of the fabrics, which in 
turn depends on their thickness. He states that 
only resilient fibers will maintain their thickness with 
light weight, and wool is one of the most resilient 
of all fibers under service conditions. 

Finch [17] states that so far few attempts have 
been made to study the textile-material behavior 
from an overall point of view. Ordinarily, each 
worker investigated a particular method for a spe- 
cific end purpose. This empirical approach, he 
points out, made no significant contribution to the 
general fund of knowledge. 

Morey [28] states that the number of different 
instruments constructed and used in obtaining stress- 
strain curves on yarns are as numerous as the num- 


ber of investigators. 
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Hamburger [21, 22] states that the elasticity and 
resilience are not properties but complex interactions 
of many factors, both inherent in the fiber and re- 
sulting from the geometry of the yarn and fabric 
structure. 

Schofield |34] conducted a number of compressi- 
bility tests on wool and concluded that bulk fiber 
does not wholly elastically reverse the deformation. 
There is a decrease in volume after the wool is sub- 
jected to pressure. 

Susse [10] states that the recoveries of fibers from 
bulk-compression tests appear to depend, in part, on 
the bulk properties of the fibers, like elasticity, plas- 
tic flow, strength, tensile compression, and other 
shear stresses. 

Mutschler [29] measured the “compressed vol- 
ume” and “relaxed volume” and calculated the bulk 
elasticity from a formula. He made measurements 
at 20 points from the bale all the way to ring spin- 
ning. He compared wool, cotton, and staple rayon, 
and found that wool has the highest elastic volume. 
Maximum volume is reached at the carding process. 

Winson [38] attempted to measure the resilience 
of a volume of wool by enclosing it in a thin spheri- 
cal rubber membrane whose pressure he made to 
vary in cycles. He that the area of the 
loop (shape of the compression and decompression 
graph) relating the pressure and volume of the mass 
of wool seems to serve as a measure of the resilience 
of the wool. 


states 


Fox and Schwarz [19] state that when testing 
bulk fibers, the condition of the stock as to cleanli- 
ness should be considered. Wool in grease is quite 
different from scoured wool, wool from the dryer, 
or wool after further processing. He states that the 
quality of wool and the staple length effect the com- 
pressional properties. 

Burns and Johnston [9] observed differences in 
fiber springiness within and between grades, which 
they stated was a factor tending to interfere with 
the compressional method of yield estimation. They 
also found that packing of the compression cylinder 
was a variable factor. They observed that variations 
in the physical characters had some influence on the 
density of the raw wool, 

Van Wyk [37] states that crimping may have a 
direct effect on the relationship of resistance to com- 
pression. He found indirect evidence to suggest that 
the number of crimps per unit stretched length is a 
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more relevant quantity than the normal staple length. 

Cliff [12] recommends that the time factor be con- 
trolled, so that the axis of either load or extension 
may also serve as the axis of time. This means that 
either the rate of loading or tlie rate of extension 
must be kept constant. 

Skinkle [35] describes the cylinder and plunger 
method of measuring the resilience of wool as fol- 
lows: A 500-g sample of fiber is placed in a brass 
cylinder 7} in. in diameter. A plunger is used to 
compress the sample, and the compressed depth is 
measured by a vernier. The pressure is applied by 
an inverted jack, and the apparatus is connected to 
a platform scale to read the load. The resilience 
may be measured by the area of the hysteresis loop 
(shape of the graph). 

Edelman [15], in his investigation of methods for 
determining the filling power of feathers, found that 
the most reliable evaluation is obtained at the lowest 
test pressures of 0.0006 Ib/sq in. and that little is 
gained by higher compressional values. 

Buck and McCord [7] point out the ability of 
fabrics made from wool and silk to resist the forma- 
tion of wrinkles, while fabrics made from linen, cot- 


ton, and certain rayons do not have this property. 


They state that the chemical and physical structure 
and physical dimensions of the fiber are responsible 
for different degrees of wrinkle resistance. 

Schiefer [33] suggests that in the evaluation of 
compressibility and the compressional resilience of 
textiles a pressure range of 0.1 to 2.0 lb/sq in. be 
used. 

Rees [30] developed a sensitive thickness gauge 
for textile materials. This instrument is also used 
to measure the volume of a mass of fibers under a 
desired pressure. 

Dillon [14] defined resilience as the ratio of the 
energy of retraction to the energy of deformation. 
He also states that this ratio refers only to a given 
set of conditions for a fiber, bulk fiber sample, or 
fiber assembly. The value of the ratio will be 
changed if any of the following factors is varied: 


Temperature. 

Moisture content. 

Rate of strain. 

Rate of retraction. 

Number of cycles considered (strain history). 
Rest period between cycles. 
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7. Nature of cycles. 
a. Constant rate of strain. 
. Constant rate of loading. 
>. Constant maximum strain. 
. Constant maximum stress. 
e. Periodic. 
f. Impact. 


Saxl [32] used a gelometer to measure the load 
compression characteristics of wool. He used a 
three-arm scale, a cylinder, and a plunger to meas- 
ure the compressibility of wool and synthetic fibers. 

Finch [17] points out that the most important 
consideration in a test of this kind is the preparation 
of the test specimen. If the fiber mass consists of 
partially matted and partially loose fibers, the relaxa- 
tion rate will be a reflection of both of these condi- 
tions. It is necessary to have the fibrous mass as 
homogenous as possible. This, he states, may be 
accomplished either by opening the material on a 
power-driven laboratory-type card or by opening it 
with hand cards. Either method is satisfactory. 

Van Wyk [37] states that wool should be teased 
out as thoroughly as possible to insure the random 
orientation of the individual fibers. He found that 
the presence of lumps raised the coefficient by as 
much as 32% 

Rees [31] states that well-opened fibers are very 
sensitive to changes of pressure, so that precautions 
must be taken in determining the initial volume of 
the fiber mass under the initial pressure. He pre- 
pared his test specimen inside a perspex glass cylin- 
der; he then withdrew the cylinder and placed his 
prepared sample under the foot of the instrument. 
By this method, he improved the accuracy of his 
tests by doing away with the friction between the 
fibers and the wall of the cylinder. 

Dillon [14], in his review of the literature, found 
a pronounced tendency to employ the ratio of energy 
of retraction to energy of deformation as a definition 
of resilience. 


, _ Energy of Retraction 


Fox and Schwarz [18] also used a method of cal- 
culating resilience by utilizing the concept of en- 
ergy. They state that the resilience is potential en- 
ergy due to strain. This value is the same in the 
case of perfectly elastic material where there is no 
“hysteresis.” 


Van Wyk [37] found a significant correlation co- 
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efficient of 0.55 between the resistance of compres- 
sion and number of crimps per unit length and a 
partial correlation coefficient of 0.43 between the 
resistance to compression and fiber diameter. 

Winson [38] found that resilience of a mass of 
fibers increases as the staple length decreases. 

Meredith [27] found that wool was much more 
elastic than cotton for any given strain. 

Rees [31] gives the following values of resilience 
for various fibers : 


Mean Value of n 
Tests 





Resilience 
Source 


Name 


Cotton, Bengals After passing through 
Shirley analyser 
Sliver 


Bale 


Wool, 70's 

Kapok, Prime Cava 

Silk, degummed 
China 

Nylon waste 

Cellulose acetate 
staple 

Hollow viscose 
staple 


Ist draft 
Sliver 


Bale 


Bale 


Statement of Problem 


This article reports the experiment to determine 
the relationship between the measurable properties 
of wool and the bulk compressional resilience of 
scoured wools from the fine, medium, and long wool 
types. In the determination of the bulk compres- 
sional resilience criterion of these samples, the maxi- 
mum load values were available and consequently a 
parallel study was made using this factor as a second 
criterion. 


Plan of Experiment 


In the experiment the following quantities were 
measured: (1) Residual matter tests; (2) mean 
fiber thickness; (3) mean fiber length; (4) break- 
ing weight; (5) tensile strength; (6) number of 
crimps per unit stretched staple length; (7) mean 
crimp depth; (8) mean crimp length; (9) crimp 
depth to length ratio; (10) contour ratio; (11) ma- 
jor axis minus minor axis of fiber cross section ; and 
(12) medullation tests. 

The measurements of these twelve factors or inde- 
pendent variables were considered in relation to 
resilience. The compressional bulk resilience and 
maximum load were determined for each sample. 
It is understood that the maximum load or stiffness 
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is not simply related to resilience, but the informa- 
tion was readily available and was treated separately 
as an interesting sidelight on the main problem. 
Before starting the analysis between the independ- 
ent and dependent variables, a preliminary review 
was made to eliminate some of the independent vari- 
ables which were closely related and, in some cases, 


different measures of the same character. Correla- 


tions were worked out and those with a correlation 
coefficient of 0.90 or higher were noted; only one 


of these closely related measures was used in the 
final analysis. low correlations 
When these preliminary tests were 
finished and the eliminations made, the solution of 
the basic problem of resilience was undertaken with 
the help of the following information: (a) Simple 
correlations were calculated between the independ- 
ent variables and the criterion; (b) multiple corre- 
lations were 


Those with very 


were eliminated. 


calculated between the independent 
variables and the criterion; and (c) simple and 
multiple regression equations were computed. 

The following 29 wool samples, weighing a pound 
each, were used in the experiment. 

Sample 
Code 
Number 
FCFI 
FBRI 
FBR2 
FCF2 
FCAI 


Wool 


Grade Description 


Fine 
Fine 
Fine 
Fine 
Fine 


Commercial fleece sample 

Rambouillet fleece, Univ. of Wyo. flock 

Rambouillet fleece, Univ. of Wyo. flock 

Commercial fleece sample 

Commercial wool sample, Australian 
origin 

Rambouillet fleece, Univ. of Wyo. flock 

Commercial sample, origin Texas 

Merino ram fleece, Univ. of Wyo. flock 

Rambouillet fleece, Univ. of Wyo. flock 

Commercial fleece sample 

Commercial fleece sample, origin De- 
laine flock 

Commercial wool sample, Australian 
origin 

Commercial fleece sample 

Corriedale fleece, Univ. of Wyo. flock 

Corriedale fleece, Univ. of Wyo. flock 

Columbia fleece, Univ. of Wyo. flock 

Commercial sample, Territory Domestic 

Corriedale fleece, Univ. of Wyo. flock 

Columbia fleece, Univ. of Wyo. flock 

Corriedale fleece, Univ. of Wyo. flock 

Corriedale fleece sample, Univ. of Wyo. 
flock 

Hampshire fleece, Univ. of Wyo. flock 

Hampshire fleece, Univ. of Wyo. flock 

Commercial fleece sample 

Commercial fleece sample 

Columbia fleece, Univ. of Wyo. flock 

Commercial fleece sample 

Columbia fleece sample 

Commercial fleece sample 


FBR3 
FCTI 
FBMI 
FBR4 
FCF3 
FCFD 


Fine 
Fine 
Fine 
Fine 
Fine 
Fine 
FCA2 Fine 
FCF4 

MBEI 

MDE2 
MBAI 

MCDT 
MBE3 
MBA2 
MBE4 
MBE5 


Fine 

Medium 
Medium 
Medium 
Medium 
Medium 
Medium 
Medium 
Medium 


MBHI 
MBH2 
MCFI 
MCF2 
MBA3 
LCFI 
LBA2 
LCF2 


Medium 
Medium 
Medium 
Medium 
Medium 
Long 
Long 
Long 


Methods and Procedures 


Samples were scoured and their residual matter 
determined according to A.S.T.M. Standards D 584- 
53T [1]. 


terials in 


The standard conditions for residual ma- 
scoured or clean wool as 
standard is 12% 
terial 1.5°¢ 


stated in the 
moisture, alcohol extractable ma- 
©, and ash content 0.5%. All samples 
were run through the duster 3 times to ensure thor- 
ough opening and mixing. 
contained 0.3% 
scouring soap. 


The scouring solution 
sodium carbonate and 0.1% textile 
The samples were scoured in a four- 
tub train, the first three containing the scouring 
solution named and the last one the rinse 
solution made up with no soap and 0.3% sodium 
carbonate. The 


above 
solutions maintained at 
52 + 3°C, and samples were kept in each tub for 
3 min. The scoured samples were dried to a con- 
stant weight at 105 to 110°C. 

The fiber-thickness measurements were 
made according to ASTM designation D 419-50T 
[1]. 


urements for each sample are given below: 


were 


mean 


The number of test specimens and the meas- 


Number 
of Test 
(u) Specimens 


Total Number 
of Fibers 
Measured 


200 
400 
600 
800 
1200 
1600 


Fineness Range 


18 and under 
18.1 to 21 incl. 
21.1 to 24 incl. 
24.1 to 27 incl. 
27.1 to 30 incl. 
30.1 and over 


NN NW NW 


The mean fiber-length measurements were deter- 
mined by the method outlined in ASTM Designation 
D 519-49 [1]. The standard condition of the fibers 
was reached when they were in moisture equilibrium 
with a standard atmosphere having a relative humid- 
ity of 65% at 70°F. A 2% tolerance is allowed for 
relative humidity and 2 degrees for temperature. 
All of the length measurements were made on a 
Suter stapler. 

The number of crimps per unit length was deter- 
mined by the method outlined by Burns [8]. 

The characteristics of the 
samples were determined from cross sections pre- 


cross-sectional wool 
pared by Hardy’s cross-sectioning device by the 
method described in ASTM Designation D 1444- 
53T [1]. The contour ratio was obtained by meas- 
uring the projected images of the major and minor 
axis of 100 fibers and calculating the contour ratio 
and the difference between major and minor axis. 





SAMPLE CODE NO FERS 
FIRST CYCLE ‘ 

CROSSHEAD SPEED 2” /min 

CHART SPEED S'/min. 

LOAD 1.0 LB. FULL SCALE 

FULL SCALE LOAD SELECTOR AT 5S 
GAGE 2° 

COMPRESSION 15” (75%) 


WOOL SAMPLE 2000 GRAM 


Reversal Point 


aaa 


STRESS IN POUNDS 


he a 
Ls 2.0 25 


Strein in Inches 





Fig. 1. Load-extension loop of sample FBR3, first cycle. 

The breaking weight and tensile strength of the 
samples were tested by the procedure outlined in the 
ASTM Standards [2], and described as A Tentative 
Method for Testing Tensile Strength. 

For each sample, 10 subsamples were analyzed for 
crimp length and depth measurements. 
depth and length were measured by taking a strand 


The crimp 


of about 2-3 mm in thickness from each subsample 
and projecting its image onto a screen at a magni- 
fication of Xx 10. 
still-film projector was used which had been modi- 
fied to adapt it to this study. 


For this study, a regular 35-mm 


The lens piece of the 
projector was removed and between the lens and the 
This 


staple holder was constructed to hold the sample 


light source a staple holder was installed. 


from the tip and base of the staple and at a fixed dis- 
The 


arms of the staple holder were imbedded in a frame 


tance and perpendicular to the light source. 


and could be rotated clockwise and counterclockwise, 
which in turn rotated the sample around its longi- 
tudinal axis for 360°. In order to adjust for a x 10 
magnification, two parallel lines 10 mm apart were 
drawn on a semitransparent paper, and this paper 
was fixed between the arms of the sample holder in 
the same manner as a wool sample would be fixed, 
namely, perpendicular to the light source. Two 
parallel lines 100 mm apart were then drawn and 
placed on the screen. The parallel lines at the sam- 
ple holder were then projected onto the screen and 
the lens piece was moved away from the sample 
holder until a sharp image of the parallel lines 10 
mm apart coincided with those of the parallel lines 
on the screen which were 100 mm apart. The lens 
was fixed at this distance from the light source and 
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SAMPLE CODE NO. .FBRS 
SEVENTH CYCLE 
CROSSHEAD SPEEDO 27min. 
CHART S PEEO 57min 
Reversal Point LOAD 1.018. FULL SCALE 
- 


FULL SCALE LOAD SELECTOR ot$ 
ly GAGE 2° 
COMPRESSION 1.5" (75% OF GAGE) 
cetr ‘c” 
WOOL SAMPLE 2.000GRAM 


STRESS IN POUNDS 


Fig. 2. 


Load-extension loop of sample FBR3, seventh cycle. 
staple. The subsamples were measured by fixing 
them onto the clamps on the staple holder and ro- 
tating until the crimps were at right angles to the 
beam of light of the projector or until the largest 
clear image was obtained. Starting from the base 
and going over to the tip, 10 crimp length and depth 
measurements were taken on each subsample and 
recorded on white paper onto which the images were 
projected. The apexes of two adjacent crimps were 
marked on the paper with crosses; the apex of the 
The 


points were joined, forming a triangle, and the shape 


opposite crest was likewise marked. three 
of the triangle depends on the shape of the crimp. 
The base of the triangle represents the crimp length 
while the height shows the crimp depth. Using this 
method, it was possible to measure the length and 
depth of crimp with a bidiameter scale very quickly 
and accurately to the nearest 0.1 mm. 

In the short-fiber method of determining the fine- 
ness or thickness of the wool samples, it was noted 
that any amount of medullation present in the fiber 
showed on the screen when projected at 500 mag- 
nification as a clear brown spot. This phenomenon 


was used to determine the amount of medullated 


fibers present. Using the large cross-sectioning de- 
vice, fibers of about 400, in length were cut off 
from a representative sample. These fibers were 
mounted in mineral oil on a glass slide and a cover 
glass was placed on the sample. These groups of 
fibers were projected at a 500 magnification on a 


screen and 1200 fibers were examined at random to 


determine the medullation present. 


Measurements of the compressional bulk resilience 
and maximum load were made at the Textile Re- 
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Results of resilience and maximum-load 
measurements of the wool samples. 


search Institute on the Instron Tensile Tester using 
the method developed by Dusenbury and deMaCarty 
[13]. 

Results in this experiment were concerned with 
the relationship of the compressional-bulk resilience 
to the inherent fiber properties. In addition to this 
main problem, maximum load and its relation to the 
inherent fiber properties was also studied. 

In the preliminary analysis, 12 different inherent 
fiber properties were used, some of which were very 
closely related to each other. It 
eliminate 


was decided to 


those factors which described the same 


fiber property. For example, the crimp factor or 
property was described by its depth, length, number 
per unit of stretched staple length, and ratio of length 
to depth. A simple correlation test was calculated 
between crimp depth and length which showed a 
positive correlation of 0.977. Another correlation 
of 0.958 was found between crimp depth and num- 
ber of crimps per unit of stretched staple length. 


These established high correlations made it possible 


to eliminate two of the four crimp properties, since 
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they will contribute approximately the same de- 
gree of effect on the dependent variable, as factors, 
namely crimps per unit of stretched staple length 
and crimp length. The same pattern of logic was 
followed in the elimination of the breaking weight, 
which had a correlation of 0.999 with 
strength. 


the tensile 
Contour ratio was eliminated because it 
had a very low correlation, 0.03, with the resilience 
and a negative correlation of 0.121 with the maxi- 
mum load. The total per cent of impurities or re- 
siduals had low correlations, — 0.021 with resilience, 
and 0.140 with maximum load, and hence was elim- 
inated. Medullation was also eliminated as a factor 
because only 10 samples had any medullation at all, 
and of these only 3 had medullation over 1%. 

The 6 factors retained out of the original 12 meas- 
urable fiber characteristics and used in the study are 
(1) Mean 
fiber length; (3) Crimp depth; (4) Crimp length 
to depth ratio; (5) Tensile strength; and (6) Ma- 
jor minus minor axis of fiber cross section. 


as follows: Mean fiber thickness; (2) 


A negative correlation of — 0.667 was found be- 
tween the resilience and maximum load, and it was 
significant at the 0.01 level. A graphic presenta- 
tion of the results, in per cent, of the compressional- 
bulk resilience and maximum-load measurements of 
the fine, medium, and long wool types are given in 
Figure 3. 

Simple and multiple correlations between the two 
criteria, resilience and maximum load, and the six 
different inherent fiber characters are shown in Ta- 
bles I-VI. 

Simple correlations between resilience and the 6 
fiber characteristics ranged from 0.20 to 0.41. Cor- 
relations of 0.367 or above were significant at the 
0.05 level, and those of 0.470 or above were signifi- 
cant at the 0.01 level. 

The tensile strength had’ the highest correlation 
(r = 0.41) with resilience, followed by fiber length 
(r = 0.38), fiber thickness (r = 0.32) and major 
minus minor axis of fiber cross section (r = 0.29), 
while the two lowest ones were crimp depth to length 
ratio (r = 0.27), and crimp depth (r = 0.20). 

The multiple relationship of the 6 predictive vari- 
ables with the compressional-bulk resilience showed 
a figure of 0.56, which was significant at the 0.01 
level. The coefficient of determination, which is the 
square of the coefficient of correlation, amounted to 


0.31. 


the compressional-bulk resilience could be accounted 


This means that only 31% of the variation in 
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TABLE 1. Simple Correlations among the Variables Including the Criterion (Resilience) 


4 5 
1 2 3 Major-Minor Crimp 6 
Tensile Fiber Fiber Axis of Length to Crimp 7 
Strength Length Thickness Fiber Depth Ratio Depth Resilience 


Tensile strength ‘ 1.000000 0.721010 0.760138 0.577904 0.119562 0.621152 0.409312 
Fiber length 2. 1.000000 0.869611 0.650709 —0.168387 0.760411 0.379726 
Fiber thickness &. 1.000000 0.878191 0.081243 0.754221 0.321605 
Major-minor axis of fiber 4. 1.000000 0.215839 0.613543 0.292917 
Crimp length to depth 5. 1.000000 —0.349985 0.266055 
Crimp depth 6. 1.000000 0.196426 
Resilience 7 1.000000 


N = 29. 


Correlation coefficients of 0.36070 or above are significant at 0.05 level of significance. Correlation coefficients of 0.470 
or above are significant at 0.01 level of significance. 





TABLE 2. Comparisons of Relative Values of Coefficients of TABLE 3. Multiple Relationship of Six Predictive Variables 
Determination and Corresponding Coefficients of Cor- with the Criterion (Resilience) 

relation for Simple Relationships between Amount 

the Predictive Variables and the Added to the 

Criterion (Resilience) Coefficient of | Coefficient of 

Coefficient of Coefficient of Determination Determination 

Variables Determination Correlation Measuring by the Inclu- 

. Tensile strength 0.167536 0.409312 Mesto Comitive =e ag 
. Fiber length 0.144191 0.379726 ariables Relationship Variable 


3. Fiber thickness ; 0.103429 0.321605 . Tensile strength (x) 0.167536 0.167536 
. Major-minor axis of fiber 0.085800 0.292917 2. Major-minor axis of 
. Crimp length to depth ratio 0.070785 0.266055 fiber (xs) 0.252851 0.085315 


le Crimp depth 0.038583 0.196426 ’ Crimp length to depth 


p ratio (x3) 0.291033 0.038182 
for by the variation in the 6 inherent fiber properties. 4. Fiber length (x) 0.306382 0.015349 
. . . ~ : : —_ nd * 
This would indicate that these 6 measurable fiber 5- Fiber thickness (ws) 0.310985 0.004603 
‘ , , ‘ . Crimp depth (xs) 0.311000 0.000015 
properties are only a portion of the cause of varia- ; 
tion in compressional-bulk resilience and that other * Variables which probably added very little to cumulative 
: : ; relationship. 
properties are involved. The tensile strength had 


the highest coefficient of determination, 16%. Ma- r? = 0.311000 
r = 0.557674 


N = 29 





jor minus minor axis of the fiber cross section added 
9% to the coefficient of determination beyond the . sae Bs 

eesiaile 6s a= tee ent teietita 10 dent ‘ ti A ris significant at 0.01 level of significance 
es ae ee oO a" _ Regression equation: Y = 11.1361 — 0.0136 x, + 0.7934 x» 
counted for only 4% beyond the other two; fiber _ 0.1961 x, + 0.0710 x, — 0.1523 x5 + 0.0089 xs 





TABLE 4. Simple Correlations among the Variables Including the Criterion (Maximum Load) 


4 6 
1 2 3 Major- Minor 5 Crimp 7 

Tensile Fiber Fiber Axis of Crimp Length to Maximum 

Strength Length Thickness Fiber Depth Depth Ratio Load 
1.000000 0.721010 0.760136 0.577904 0.621152 0.119562 —0.811359 
1.000000 0.869611 0.650709 0.760411 —0.168389 —0.755222 
1.000000 0.878191 0.754221 0.081243 —0.701807 

1.000000 0.613543 0.215839 —0.53214 
1.000000 —0.349985 —0.470798 
1.000000 —0.179108 


1.000000 


Tensile strength 
Fiber length 
Fiber thickness 
Major-minor axis of fiber 
Crimp depth 
Crimp length to depth 
Maximum load 
N = 29. 
Correlation coefficients of 0.3670 or above are significant at 0.05 level of significance. Correlation coefficients of 0.470 
or above are significant at 0.01 level of significance. 
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TABLE 5. Comparison of Relative Values of Coefficients of 
Determination and Corresponding Coefficients of Cor- 
relation for Simple Relationships between 
the Predictive Variables and the 
Criterion (Maximum Load) 


Coefficient of 
Determination 


0.658303 
0.570360 
0.492533 
0.283172 
0.221651 
0.032079 


* All correlations transferred to positive values. 


Coefficient of 
Correlation* 


0.811359 
0.755222 
0.701807 
0.532140 
0.470798 
0.179108 


Variables 
. Tensile strength 
. Fiber length 
3. Fiber thickness 
. Major-minor axis of fiber 
. Crimp depth 
. Crimp length to depth ratio 





TABLE 6. Multiple Relationship of Six Predictive Variables 
with the Criterion (Maximum Load) 


Amount 
Added to the 
Coefficient of 
Determination 
by the Inclu- 
sion of Each 

Variable 

0.658303 

0.060350 


Coefficient of 
Determination 
Measuring 
Cumulative 
_ Relationship 


0.658303 
0.718653 


Variables 

. Tensile strength (x,) 

2. Fiber length (x2) 

. Crimp length to depth 
ratio (x3) 

. Crimp depth (x4) 

. Fiber thickness (x;) 

. Major-minor axis of 
fiber (x5) 


r? = 0.844854 
0.919159 
29 
ris significant at 0.01 level of significance 


Regression equation: y = 45.3261 — 0.6739 x, — 0.5600 x. 
+ 0.3380 x3 + 0.2842 x, — 0.1265 x; — 0.0809 xz. 


0.765486 
0.798639 
0.822529 


0.046833 
0.033153 
0.023890 


0.844854 0.022325 





length accounted for only 2% of the variation be- 
yond the above 3; and the last 2 
thickness and crimp depth, probably 
tle to the cumulative relationship. 
Simple correlations between the maximum load 
and the variables ranged from — 0.18 to — 0.81 (See 
Table IV). Correlations of 0.367 or above were 
significant at the 0.05 level, and those of 0.470 or 
above were significant at the 0.01 level. The tensile 
strength had the highest simple correlation (— 0.81) 
with the maximum load, with the crimp length to 
depth ratio showing the lowest figure (— 0.47). All 
of these 6 correlations had negative 


fiber 
added very lit- 


variables, 


values showing 
inverse relationship between the maximum load 
(stiffness) and the 6 variables. The multiple cor- 
relation of the 6 variables with the maximum load 
showed a figure of 0.92, which was significant at the 


673 


0.01 level. The coefficient of determination was 


0.85, and consequently 85% of the variation in the 


maximum load can be accounted for by the variation 
in 6 fiber properties in the study. The tensile 
strength was the highest of these and accounted for 
66% of the variation in maximum load or stiffness. 
Fiber length added only 6% to the coefficient of de- 
termination beyond that of tensile strength; crimp 
length to depth ratio added 5% to the total coeffi- 
cient beyond tensile strength; crimp depth, 3% be- 
yond the above four; and both the fiber thickness 
and the major minus minor axis of fiber cross sec- 
tion added only 2% each to the total. The relation- 
ship of the tensile strength and the compressional- 
bulk resilience and maximum load 
illustrated in Figures 4 and 5 


(stiffness) are 


IN PERCENT 


CORRELATION 
COEFFICIENT 0. 41° 


REGRESSION EQUATION 
¥*47.7175 4570.03 5S210K 


* SIGNIFICANT AT 0.05 


we 
o 
=z 
w 
4 
” 
ke 
— 


level of significance 





130 150 170 190 210 230 250 27% 290 HO 330 %O 37 30 


TENSILE STRENGTH IN 100LBS./SQ. IN. 
Fig. 4. Compressional bulk resilience vs. tensile strength. 


’ 








REGRESSION EQUATION 


¥= 0.929923- 0.002461 XK 


“Significant ot OO! Levet 
of Significance 


MAXIMUM LOAD 'N POUNDS 


130 150 170 190 210 230 250 270 290 30 330 30 8% 390 


TENSILE STRENGTH IN 100 L8S/SQ. IN, 


Fig. 5. 


Maximum load ys. tensile strength. 





Summary 


The relationship of 6 fiber properties to compres- 
sional-bulk resilience of wool was determined. As 
a preliminary study, the relationship of these fiber 
properties to maximum load or stiffness was also 
determined. Twelve properties of the wool samples 
were evaluated, and 6 of these were eliminated by 
statistics and logical reasoning because they were 
either measurements of the same character, such as 
crimp, or were clearly unrelated to the main crite- 
rion, as was the case with the residuals. A method 
of measuring the compressional-bulk resilience and 
maximum load developed by Dusenbury and deMa- 
Carty [13] at Textile Research Institute was used 
to obtain the data on these properties used in this 


paper. The 29 wool samples used in this study rep- 


resented the fine, medium, and long wool types. 


Conclusions 


The results of the experiment showed that the 6 
measurable fiber properties were responsible for 


31% of the variations in the compressional bulk. 


In the case of maximum load 
(stiffness), these measurable fiber properties were 
responsible for 85% of the variations. In both 
cases, the most important measurable property was 
tensile strength. It accounted for 18% of the vari- 
ations in the compressional bulk resilience of wool, 
and for 66% of the variations in the case of maxi- 
mum load or stiffness. This study showed that the 
shape or contour of the fiber and crimp were impor- 
tant measurable qualities affecting the compressional- 
bulk resilience. 


resilience of wool. 


In the case of maximum load, the 
two important factors besides tensile strength were 
fiber length and crimp. In both resilience and maxi- 
mum load, fiber thickness or fineness was a less im- 
portant factor. It is readily seen in Figure 3 that 
compressional-bulk resilience has a very narrow 
range within the 3 wool types, and maximum load 
has over 4 times the range of the compressional bulk 
resilience, bulk resilience varies 
within wool types and is lowest in the fine wool 
types and highest in the medium wool types, while 
the long wool type is intermediate between the other 
two types. 


Compressional 


Figure 3 also shows that maximum load 
or stiffness varies within types with the fine wool 
types showing the highest figures, the long wool 
types the lowest figures, and the medium wools be- 
ing in between. 
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The study indicated clearly that only 31% of the 
variation in compressional bulk resilience of wool 
can be accounted for by the variation in the 6 fiber 
characteristics measured. Therefore, most of the 
variations in the compressional bulk resilience must 
be due to physical (molecular) structure and other 
factors. 
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Digestibility of Chemically-Modified Wools 
in Papain-Bisulfite Urea 


F. G. Lennox 


Biochemistry Unit, Wool Textile Research Laboratory, C.S.I.R.O., Melbourne, Australia 


Abstract 


The digestibility of wool in papain-bisulfite urea is increased by prior treatment 
with cold concentrated sulfuric acid, nitrous acid, or iodine but is diminished by 1- 
fluoro-2,4-dinitrobenzene, formaldehyde, chromium compounds, epichlorhydrin, propylene 
oxide, methyl iodide at pH’s above 6, thiocyanate with acetic anhydride at pH’s below 6, 
and, if applied to the reduced fiber, by 1,3-dibromopropane, acrolein, and methyl iodide 
at pH’s above 7. Treatment with acid solutions of various aliphatic alcohols to esterify 
the carboxyl groups in wool likewise reduces the digestibility, maximum protection being 


obtained with methanol. 


The rapid method of measuring enzyme resistance used in these studies may be 
generally suitable for detecting wool damage and for selecting chemical methods of 
modifying wool for assessment by moth-resistance and soil-burial methods. 





Introduction 


Enzyme digestion is an essential step in all forms 
of biological attack on wool, and measurement of 
the effect of enzymes on processed wool has been 
recommended to determine its biological resistance. 
Burgess [6] showed that, whereas chlorination in- 
creased the trypsin digestibility, treatment with 
potassium chromate in sulfuric acid conferred pro- 
tection. Similarly Geiger et al. [11] increased the 


resistance of reduced wool to several proteolytic 


enzymes by inserting hydrocarbon cross-linkages be- 
tween the peptide chains. Goldschmidt [13] used a 
proteolytic culture filtrate from a species of Actino- 
mycete to demonstrate the superior enzyme resistance 
of wool in comparison with that of some artificial 
protein fibers. However, while the digestion of in- 
tact wool by unaided proteases is slow and incom- 
plete and does not readily distinguish between chemi- 
cal treatments which markedly increase the bio- 
logical resistance, digestion in papain-bisulfite-urea 
solution is rapid and complete [20]. The present 
paper describes a method of evaluating the effect of 
various chemical treatments on wool by the ap- 
plication of this solution, the three components of 
which are considered to split peptide bonds, di- 
sulfide bonds, and hydrogen bonds, respectively. The 
method probably bears a closer resemblance than 
does trypsin digestion to wool degradation under the 
reducing conditions found in the moth larval gut 


(22]. 


Materials and Methods 


Merino wool of 64’s quality was used, from which 
the weathered tip had been removed prior to Soxhlet 
extraction with ethanol, repeated washing with dis- 
tilled water, and drying in a current of warm air. 

Table I summarizes the chemical treatments used 
to modify the wool. The dichromate treatment was 
typical of that employed in chrome mordanting of 
wool and the formaldehyde treatment was essentially 
that used in tanning. Treatments causing discolora- 
tion of the wool were picric acid (yellow), 1-fluoro- 
2,4-dinitrobenzene (orange), nitrous acid (orange- 
brown), iodine (brown), potassium dichromate (dull 
green), and epichlorhydrin (pale yellow). The 
progress of esterification of wool in acid-alcohol 
solutions was followed by estimation of the free 
carboxyl groups |1]. 

Papain digestibility was measured by incubating, 
for 18 hr at 50° C, 1 g air-dry wool per 30 ml of a 
solution containing 1% papain, 0.1 M sodium bi- 
sulphite (fresh analytical reagent), and 3 M urea 
adjusted to pH values between 4 and 10 with NaOH 
or HCl, using a glass-electrode pH assembly. The 
changes in pH value during the digestion of untreated 
wool have already been reported [20]. The changes 
occurring during digestion of the chemically modified 
wools differed from these and from one another, and 
the final pH values are therefore given where a 
variety of chemical treatments are compared, as in 
Figure 1. The undigested wool was recovered by 
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TABLE I. 


Reagent 


Picric acid 


S-Benzyl thiouronium 
hydrochloride 


Acetic anhydride 
1-fluoro-2,4-dinitrobenzene 
Nitrous acid 

Methanol in acid solution 


Thiocyanate with acetic 
anhydride 


Methyl iodide 
Methy! iodide following 
thioglycollate reduction 


Iodoacetate 


Iodoacetate following 
thioglycollate reduction 


Sulfuric acid 


Iodine 


Formaldehyde 


Potassium dichromate 


Epichlorhydrin 
Propylene oxide 


Dibromopropane 


Dibromopropane following 
thioglycollate reduction 


Acrolein following 
thioglycollate reduction 


Reaction Conditions 
1% solution in ethanol acting for 72 hr 
at 22°C 


1% aqueous solution acting for 10 min at 
25°C on wool previously treated with ex- 
cess NaHCO; solution 

0.5 hr at 100°C, excess removed by immer- 
sion for 10 min in 2% aniline in dry benzene 


2% ethanol solution acting for 48 hr at 
rile 


1.0 M NaNO: adjusted to pH 4 for 3 days 
at 22°C 

95% methanol with 5% 10 N HCl acting 
for 3 days at 22°C 


2.5 M NH,CNS acting for 4 days; then 
acetic anhydride for 7 days at 22°C 


3% in 0.1 M phosphate buffer, pH 7.4, 
acting for 18 hr at 50°C 


0.2 M thioglycollate, pH 5.4, acting for 24 
hr at 22°C; then methylated as above 


1.3% Na iodoacetate in 0.1 M phosphate 


buffer, pH 7.4, acting for 18 hr at 50°C 


0.2 M thioglycollate, pH 5.4, for 24 hr at 
22°C; then treated with iodoacetate as 
above 


Conc. H2SO, acting for 24 hr at 0°C 


0.1 M I. acting for 72 hr at 23°C 


0.1 M HCHO acting for 30 min at 60°C 


3% K2Cr2O; + 2.5% KH tartrate acting 
for 1 hr at 100°C 


Gas acting for 2 hr at 22°C 


2% acting at 100°C for 2 hr 


Water for 18 hr at 35°C; then 0.002 M 1,3- 
dibromopropane in 1.0 M phosphate buffer, 
PH 8.0, for 20 hr at 35°C 


0.2 M thioglycollate, pH 4.5, for 18 hr at 
35°C; then dibromopropane treatment as 
above 


0.2 M thioglycollate, pH 7, for 24 hr at 
22°C; then in 3% aqueous acrolein, pH 10, 
for 18 hr at 50°C 


Chemical Treatments Used to Modify Wool for Experiments Reported in Figure 1 * 


Probable Main Effect 
Forms salts with basic groups, mainly ar- 


ginine and —NH, 


Forms salts with COOH groups 


NH: —~ —NHCOCH; 
OH —~ —OCOCH; 


-NH: — —NHCGeH;(NO.)2 
OH — OC.H;(NOz)2 


-~-NH:; — —OH and introduces nitroso 
groups into ring of phenol groups 


-COOH — —COOMe in terminal and 


side-chain positions 


C terminal amino acids —— thiohydan- 
toins and the reactions listed above for 
acetic anhydride 


-NH: —~ —NHMe 
-C;H,OH — —C,H,OMe 


-S—S— — 2—SMe, in addition to re- 
actions before reduction 


—-NH, — —NHCH.COONa 
—C,H,OH —> —C,H,OCH,COONa 


—S—S — > 2 —SCH.COONa in addition 
to the reactions before reduction 


—C,H,OH —> —C,;H,OSO;H 
—NH,——~ —NHSO3H and loss of some 
arginine, tyrosine, and tryptophane 


I 
=, ae OH —>—<_ OH 
I 


imidazole —— 2-iodoimidazole 


Cross links between amide, amino, and 
tyrosine groups 


Cross-linking through Cr coordinating 

NH and =CO groups of adjacent pep- 
tide chains and possibly some destruction 
through oxidation 


Cross-linking reactions between NH, 
and —NH groups 


Reacts with —NH,z groups 


2 —SH — —S—CH:CH:CH:—S 


Cross-linking between 2SH or between SH 
and NH, 


* A ratio of 30 ml solution per 1 g wool was used throughout and the samples were washed thoroughly after treatment 
and dried. 
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Fig. 1. Digestion of chemically modified wools in 1% 
papain, 0.1 M@ NaHSOs, and 3 M urea at various pH values. 
Digestion period 18 hr at 50° C except for sulfuric acid and 
nitrous acid treated wools, where the greatly increased sus- 
ceptibility necessitated short incubation. 
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Fig. 3. Digestion of wool in papain-bisulfite urea at dif- 
ferent pH values following treatment with various concen- 
trations of chromium sulfate. Incubated for 4 hr at 50° C. 
The 2.8% Cre(SO,)s solution (equiv. to 0.60% Cr2Os) con- 
tained also 5% NazSO,, and this was diluted to provide the 
other chromium solutions tested. 
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Fig. 2. Digestion of wool in papain-bisulfite urea at dif- 
ferent pH values following treatment with various concen- 
trations of formaldehyde. Incubated for 4 hr at 50°C. The 
0.5% formaldehyde tanning solution contained also 2.5% 
MgSQ, and 1.5% CHsCOONa, and this was diluted to pro- 
vide the other formaldehyde concentrations tested. 


filtering or centrifuging, washing repeatedly with 
water, drying at 105° C, and weighing. 


Results 
Comparison of Various Chemical Treatments 


Curves relating the digestion of the modified wools 
to pH are shown in Figure 1. 


2s sO ts 


% MEOH IN 5% HCL SOLUTION 


MILLI - EQUIV COOH ESTERIFIED PER 100G WOOL 


Fig. 4. Effect of methanol concentration on esterification 
of wool. The digestion of these samples is shown in Fig- 
ure 6. 
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Fig. 5. Effect of concentration of acid in aqueous metha- 
nol solution on esterification of wool. The digestion of these 
samples is shown in Figure 7. 


The acrolein-treated when incubated in 
papain-bisulfite urea in several experiments at pH 
6.5, was digested to the extent of about 60%. Con- 
siderable digestion of the sulfuric acid treated prod- 
uct in bisulfite-urea solutions was observed even in 
the absence of papain. 

It will be noted that the pH optima for digestion, 
being within the pH range 6.5 to 7.0, were close to 
those for untreated wool. 


wool, 
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Fig. 6. Digestion of wool during 18 hr at 50° C in papain- 
bisulfite urea at different PH values following esterification 
for 7 days at 22°'C in a methanol-water mixture containing 
0.5 N HCL. 
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Effect of Concentration of Formaldehyde and Chro- 
mium Sulfate 


The improved protection conferred on wool by 
increasing the concentration of the formaldehyde or 
chromium sulfate solutions is shown in Figures 2 
and 3 respectively. Analogous protective effects were 
previously observed when skin collagen was treated 
with these solutions [21]. 


Protection of Wool by Methanol Esterification 


Increasing the degree of esterification of wool by 
raising the methanol concentration in a solution con- 
taining methanol, water, and 5% (v/v) of 10 N 
HCl (Figure 4) or the HCl concentration from 0.01 
N to 1.0 N in an aqueous solution containing 75% 
methanol (Figure 5) lowered the digestibility of the 
wool in papain-bisulfite-urea solutions at various pH 
values (Figures 6 and 7). 

Esterification of wool with a mixture of 5 ml 10 N 
HCl and 95 ml anhydrous methanol conferred almost 
complete protection after 7 hr treatment at 22° C 
(Figure 8). It was also shown that up to 50% of 
the methanol by volume could be replaced by the 
noninflammable solvent trichlorethylene without re- 


ducing the protective effect of the treatment. 
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Fig. 7. Digestion of wool during 18 hr at 50° C in papain- 
bisulfite urea following esterification for 3 days at 22° C in 


75% methanol and 25% water (v/v) containing various con- 
centrations of HCI. 
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Fig. 8. Digestion of wool during 18 hr at 50° C in papain- 
bisulfite urea following esterification for various periods in 
95% methanol and 0.5 N HCl. 


Substitution of other monohydric alcohols for 
methanol in the esterifying solutions containing 5% 
(v/v) HCl reduced the protection (Figure 9). This 
effect corresponded with the previously reported fall 
in the extent of esterification with increase in the 
length of the C chain in the aliphatic alcohols [1]. 


Discussion 


Compounds which react with wool are sometimes 
classified as unifunctional, bifunctional, reactive with 
cystine, or miscellaneous [28]. The monofunctional 
group of reagents used in the present investigation 
includes the monohydric alcohols which, in acid 
solution, esterify the side-chain and terminal carboxyl 
groups but are without effect on amino, phenolic, 
Elimina- 
tion of the terminal carboxyl groups by reaction with 
ammonium thiocyanate and acetic anhydride in acetic 
acid solution [26] failed to affect the digestibility 
appreciably, and the protection by esterification must 


sulfydryl, peptide, and amide groups [9]. 


therefore be ascribed to the covering of the side-chain 
carboxyl groups. The protective effect of methyl 
esterification of proteins against digestion by pro- 
teolytic enzymes of the intestinal tract has been previ- 
ously observed [18]. These striking effects could be 


TEXTILE RESEARCH JOURNAL 


BUTANOL 


°f DIGESTION 


ETHANOL 


METHANOL. 


TS 


INITIAL PH VALUE 


Fig. 9. Digestion of wool during 18 hr at 50° C in papain- 
bisulfite urea following esterification with different alcohols. 


at least partly accounted for by loss of hydrophilic 
character and therefore solubility, since ester groups 
have little affinity for water in comparison with 
carboxyl groups (for example, [19]). The loss in 
digestibility is particularly noticeable at alkaline pH 
values (Figure 6) where the amino groups of intact 
wool would ionize readily. Although resistant to 
papain, methyl-esterified woolen fabric was readily 
attacked by larvae of the clothes moth Tineola bis- 
selliella, The’methyl groups may be removed in the 
larval gut through the hydrolytic action of esterase. 
The protective action of 1-fluoro-2,4-dinitrobenzene 
may have been due to reaction with, and elimination 


of, the hydrophilic properties of the amino groups. 
Propylene oxide might also be expected to react with 
the amino groups and to polymerize on them. An 
alternative explanation for the effects of esterifica- 


tion and 1-fluoro-2,4-dinitrobenzene and propylene 
oxide treatments may be the masking of groups in 


the substrate with the 


essential for combination 
enzyme. 

When applied to wool, reagents such as picrate, 
iodoacetate and iodide (in the iodine solution) 
would compete with the carboxyl groups in the pro- 
tein for the basic amino and guanidino groups. They 


would thereby break some of the linkages which 
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confer stability through their combined electrostatic 
and hydrogen bond character—the so-called salt 
linkages of proteins. Destruction of the amino groups 
by acetylation or by reaction with nitrous acid would 
be even more drastic in breaking salt links. But 
unlike the alcohols, these other monofunctional com- 
pounds may not reduce the hydrophilic properties of 
the protein. Reduction of the disulfide bonds and 
substitution of the sulfydryl hydrogen with acetate 
groups by treatment with iodoacetic acid increased 
the digestibility, particularly at pH values above 6, 
where the protein would be expected to carry pre- 
dominantly negative charges. 

The bifunctional compound 1,3-dibromopropane 
yielded very little protection when applied to intact 
wool, but its application to the reduced fiber im- 
Trimethyl- 
ene bridges would be inserted in the structure by this 


proved the enzyme resistance markedly. 


treatment, as postulated to explain the enhanced re- 
sistance to alkali, acid, oxidizing, and reducing com- 
pounds and to other biological agents [12]. 

According to McPhee and Lipson [24], acrolein 
is also a bifunctional compound, both the carbonyl 
and olefinic groups reacting with sulfydryl groups in 
the reduced keratin to eliminate supercontraction in 
bisulfite, affect the elastic properties, and diminish 
To these effects 
may now be added protection of the fiber against 
papain-bisulfite-urea digestion. 


the swelling in trichloracetic acid. 


With some other compounds the mechanism of the 
stabilization is even less certain. Some evidence sug- 
gests, for example, that formaldehyde forms cross- 
links in proteins between the amino [8], amide [16], 
and amino and tyrosine groups [2] and between 
amide and amino groups [10]. To what extent pro- 
tection by formaldehyde can be ascribed to reaction 


of each molecule of formaldehyde with only one 


amino or amide group with consequent loss of hy- 


drophilic character or elimination of an enzyme 
combination center, as postulated for the tanning ac- 
tion of formaldehyde [17, 27], is uncertain on the 
evidence available. Epichlorhydrin may form cross- 
links [3] even more readily because of the presence 
of a reactive chlorine atom in addition to the oxygen. 
By analogy with their accepted action on collagen 
[14] it may be assumed that chromium compounds 
also stabilize wool by cross-linking different parts 
of the keratin structure through the formation of 
coordination complexes. 

Among the miscellaneous reagents are iodine and 
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sulfuric acid. The addition of iodine to the aromatic 
ring in the tyrosine residues in wool [5] may partly 
account for the increased digestibility, for a similar 
increase was reported for the action of pepsin on 
acetyl-L-phenylalanyl-L-tyrosine following iodination 
of the tyrosine residue [4]. The cuticle of the wool 
fiber becomes pitted in the presence of iodine in 
solution, facilitate 
papain-bisulfite urea into the interior. 


and this may penetration of 

The severity of the damage to wool by sulfuric acid 
is reflected in the ready digestibility in papain-bi- 
sulfite urea even after incubation for only 0.5 hr at 
50° C. Not only does this reagent react with the 
amino groups to form sulfamic acids [14], but M. S. 
Grafer has shown that the tyrosine residues are 
sulfonated [25]. Moreover, the destruction of argi- 
nine, tyrosine, and tryptophane residues by sulfuric 
acid is extensive, and serine and phenylalanine 
residues are also damaged, although to a lesser extent 
[23]. 

It should be appreciated that some of the reagents 
under 


favourable to their interaction with keratin. 


may not have been used conditions most 
Other 
conditions of treatment would yield perhaps greater 
protection with certain reagents and greater suscepti- 
bility with others than is reported here. In a more 
qualitative sense, however, the results are informa- 
tive and they show clearly the value of papain-bi- 
sulfite-urea digestion for distinguishing between the 


effects of a variety of chemical treatments. 
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Visual Observations of the Behavior of Soil 


Particles in Dilute Aqueous Soap Systems 


Charles W. Hock 


Hercules Experiment Station, Hercules Powder Company 
Wilmington, Delaware 


Abstract 


The nature of one type of detergent action was demonstrated visually upon the addi- 


tion of graphite to soap solutions of laundry strength. 


The graphite became coated with 


elongated soap particles and superficially bore a resemblance to pieces of candy covered 


with shredded coconut. 


The soap particles, which may bear some relation to micelles, 
measured 100 to 150 A wide and from 500 to 1500 A long. 


This exploratory study in- 


volved an electron microscopical examination of specimens from which the water had 


been removed while in the frozen state. 





Introduction 


Substantial success has already been achieved in 
studying a variety of colloidal systems with the elec- 
tron microscope. This prompted us to use the 
electron instrument to explore certain phenomena 
associated with the dilute detergent systems em- 
ployed in actual laundry practice. The survey, 
which was completed several years ago, included an 
examination of various detergents. However, the 
following report is limited to a discussion of visual 


observations of 0.15% solutions of a true soap, viz., 


sodium oleate, in the presence and in the absence of 
added soil. 

The dilute aqueous oleate system is a complicated 
one owing, on the one hand, to hydrolysis which oc- 
curs at extreme dilutions and, on the other, to con- 
tamination with atmospheric carbon dioxide, which 
occurs during manipulation of the solutions. For 
these reasons, fatty-acid soap systems are difficult to 
study, especially by the light-scattering technique, 
and their properties are not so well established as 


those of cationic systems, for example. There are 
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practical reasons, if no other, why one may wish to 
study these systems anyway. ; 

Since specimens are exposed to a high vacuum 
when viewed in the electron microscope, direct ex- 
amination of solutions as such is not possible. In 
order to carry out the objectives of this investiga- 
tion, it was necessary therefore to use a technique 
of specimen preparation which would preserve in 
dry mounts the character of soap. and soil particles 
as they exist in dilute solutions. To accomplish this, 
water was removed from specimens in the frozen 
state. 

Interpretation of the observations involves two 
seemingly unavoidable difficulties. In the first place, 
the exact nature of the soap particles observed in the 


system is difficult to establish owing to the propen- 


sity of sodium oleate to hydrolyze in dilute solutions. 
Second, although specimens were prepared in a man- 
ner designed to prevent spatial rearrangement of 
particles from occurring, it must be acknowledged 
that changes may have occurred during removal of 
the water. That such rearrangement has not taken 
place is practically impossible to establish. Despite 


these limitations, these exploratory observations 
seemed to be sufficiently interesting to warrant a 


short publication. 


Preparation of Specimens 


Sodium oleate solutions were used in only one 
0.15%. The 


made up in ordinary distilled water. 


concentration, viz., solutions were 


Fig. 1. Particles in so- 
dium oleate system. Elec- 
tron micrograph of chro- 
mium-shadowed specimen. 
Magnification, 40,000. 


The general scheme of specimen preparation was 
as follows. Specimen screens were first coated with 
a thin film of nitrocellulose, according to the usual 


14]. A small 


drop of the soap solution was then placed on the 


procedure in electron microscopy [2, 


coated screen, which was plunged instantaneously 
into liquid nitrogen, later withdrawn, and promptly 
placed on a metal block which had been precooled 
in dry ice. The cold metal block, with the specimen 


screens on it, was covered (but not touched) with 


another precooled metal plate and placed in an 
evacuation chamber (actually a metal shadow-casting 
unit) where the moisture was removed from the 
frozen specimens (and, of course, from the surface 
of the blocks 


vapor pressure in the vacuum jar during evacuation 


metal also). Measurements of the 
and also direct readings on a mercury bulb ther- 
mometer revealed that during this operation the 
After the 


moisture was withdrawn the dry specimens were 


temperature did not rise above — 40°C. 


shadowed with chromium by the method now com- 
monly employed to increase contrast in electron mi- 
croscopical images. 


Results and Discussion 


Particles were visible in specimens obtained from 
both the liquid and foam phases of the dilute soap 
systems (Figure 1). The particles were elongated, 
rod-shaped, or cylindrical bodies whose width lay 
between 100 and 150 A and whose length ranged 


from 500 to 1500 A. Occasionally the pictures 





showed a faint suggestion of a finer structure within 
the elongated bodies themselves, but more refined 
techniques of specimen preparation would be re- 
quired to clarify this point. 

In order to observe the behavior of these particles 
in the presence of soil, approximately 0.1 g of graph- 
ite (Aquadag) was added to a half liter of 0.15% 
solution of sodium oleate. Specimens taken from 
the resulting turbid system showed small pieces of 
graphite surrounded by particles from the soap solu- 
tion. Whereas pieces of graphite ordinarily have 
smooth angular profiles (Figure 2), those from the 
soap system resembled pieces of candy covered with 
shredded coconut (Figure 3). In the systems con- 
taining only soap the particles of soap were distrib- 
uted evenly, but in the systems which also contained 
soil the soap particles were distributed unevenly, 
owing to their aggregation around the soil particles. 
This behavior throws some light on the mechanism 
of detergent action. It does not indicate how the 
soap, with the aid of mechanical work, accomplishes 
removal of soil in the first place, but it does suggest 
that by surrounding the soil the soap particles pre- 
This 


may be brought about by equivalence of charges be- 


vent its redeposition on cloth, for example. 


tween the soil-soap complex and the substrate-soap 
complex, thereby leading to repulsion. 
The principal outcome of this work was the direct 
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Fig. 2. Graphite. Elec- 
tron micrograph of unshad- 
owed specimen. Magnifica- 
tion, < 40,000. 


visual demonstration of at least one mode of deter- 
gent action. At the same time, the speculation seems 
warranted that the particles seen in the soap solu- 


tions may be related to micelles. As a result of con- 


ductivity, light scattering, surface tension, osmotic 
pressure, and other measurements, it is generally ac- 
cepted that within the range of concentrations ex- 
tending from about 0.1 to 0.3% solutions of soaps 
detergents 
which are believed to 


and undergo rather marked changes 


indicate the formation of 
molecular aggregates or micelles [8, 9, 11, 12]. 
Spherical, lamellar, ellipsoidal, cylindrical, and rod- 
like [3] micelles have been postulated, but it is not 
yet possible to assign definite sizes and shapes to 
them [5, 6]. 
to be smaller than the rodlike soap particles seen 


They are, however, generally thought 


here by means of electron microscopy. On the other 
hand, the 100 to 150 by 500 to 1500 A particles de- 
lineated in the electron microscope should not be 
confused with larger fibrous crystalline forms of 
soaps and greases which are present in concentrated 
systems and which have been observed by means of 
both light and electron microscopy [1, 4, 7, 9, 10, 
13]. 
tory study do point up the potential usefulness of 


However, the results of the present explora- 


electron microscopy in arriving at a clearer under- 
standing of micellar configurations and the mech- 
anism of detergent action. 
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Introduction ie 
In recent years, due to a highly competitive tex- 
tile market, the rapid and reliable detection, location, 
and analysis of unevenness occurring in sliver, rov- 
ing, and yarn have become problems of increasing 
The older method of examining yarn 


on a seriplane board has two serious drawbacks: it 


importance. 


is more qualitative than quantitative and it is “not 
The 
cut-length method was one of the most accurate 


very informative in regard to periodic faults. 


methods of obtaining unevenness figures and graphs, 
but if short lengths are desired this method becomes 
very tedious and time-consuming. 

Recently various evenness testers which overcome 
the above shortcomings have been introduced to the 
textile trade. 
purchase of these instruments but frequently are un- 


Many mills are contemplating the 


acquainted with the various testers available and, 
therefore, are incapable of judging the merits of 
zach. Also, each tester presents its evenness data 
differently from the others, and many mill men who 
already have an evenness tester have expressed a 
desire for constants to convert the results of one 
With 
these thoughts in mind, a series of experiments were 


tester to another for comparison of results. 


undertaken to systematically evaluate and compare 
results of the following evenness testers : 


ITT-Brush Uniformity Analyzer—graph recorder 

and Automatic Evaluator ; 

Uster Evenness Tester, Model A—graph recorder, 

Linear Integrator, and Quadratic Integrator ; 

Fielden-Walker Evenness Tester—graph recorder 

and Deviation Integrator ; 

Pacific Evenness Tester—graph recorder only ; 

Saco-Lowell Graphic Sliver Tester—graph re- 

corder only. 

1 This paper is taken from a thesis submitted by William 
T. Waters in partial fulfillment of the requirements for the 
degree of Master of Science at the Institute of Textile Tech- 
nology, Charlottesville, Virginia, June 1954. 


From this work it is expected to determine which 
tester is superior in operating performance, which 
tester is best suited for a specific job, what correla- 
tion, if any, exists between the measurements of the 
vatious testers, and what relationship exists between 
‘yarn evenness and fabric appearance. 

Several limitations of this investigation should be 
noted : 

1. The conclusions to be drawn from this work 
apply only to the testers listed in the introduction. 


{Several riewer model testers are now available on 


the market. 

2. All tests were made on cotton and do not nec- 
essarily apply to other fibers or blends. 

3. The samples available for testing were limited 


in size range, and the conclusions drawn should ap- 


ply only to the range of samples tested. 

4. In general, the tests have been arranged to 
compare and evaluate the measurements rather than 
the physical or electrical properties of each instru- 
ment. 


Testing Conditions 


All tests with the exception of the ones using the 
Uster Quadratic Integrator were carried out in the 
testing laboratory of the Physics Division at the In- 
stitute of Textile Technology, in which the various 
evenness testers are located. This laboratory is not 
air-conditioned; therefore, standard testing condi- 
tions could not be met. However, it is equipped 
with an automatic humidifier and a constant relative 
humidity of 65% was maintained during all tests. 
The windows and doors were kept closed in order 
to help maintain constant relative humidity and to 
prevent air drafts from affecting the heat stabiliza- 
the The temperature 
ranged from 70° to 90°F during the course of this 
work. Since the Uster Quadratic Integrator is very 
sensitive to temperature and since the manufacturer 
recommends that it be used only in an air-condi- 


tion of evenness testers. 


tioned laboratory, it was necessary to move this 
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TABLE I. Per Cent CV between Readings of 10 Successive 


Runs of a 30’s Carded Yarn Sample 


Per Cent 
Coefficient 
of Variation 


(% CV) 


Yarn Sample 
Speed Length 
Testers (yd/min) (ft) 
Uniformity Analyzer 

Graph 0.8 
Uniformity Analyzer 

Automatic Evaluator 0.8 1000 
Uster Graph 90 
Uster Linear Integrator 750 
Uster Quadratic Integrator : 750 
Fielden-Walker Graph d 39 
Pacific Graph ; 75 
Fielden-Walker Integrator 


1000 


equipment to the Standards Testing Laboratory at 
the Institute for the running of its tests. The con- 
ditions maintained in this laboratory are 72°F + 2 
and 62% R.H. + 2% 

All instruments were given a warm-up time of at 
least 1 hr to stabilize drift before taking data. The 
samples to be tested were allowed to condition at 
least overnight in the laboratory. Throughout the 
tests, the manufacturer’s recommended operating 
procedures, sampling techniques, and yarn and chart 
speeds were used wherever possible. 


Reproducibility of Yarn Measurements 


A series of tests were made to determine the pre- 
cision or reproducibility of each tester. An even- 


ness tester should be able to reproduce the uneven- 


ness of a sample at any time, place, or under any 
common atmospheric conditions. 
were taken from a bobbin of 30’s carded cotton yarn. 


The samples used 


Ten successive runs of the same sample were made 
on each tester, and the coefficient of variation (CV) 
of the results was calculated. A new sample from 
the same bobbin was used for each tester because of 
wear on the yarn. 


Different sample lengths were 
used on the various testers because of the differences 
in material speeds of each. 

Numerous attempts were made to rerun the same 
sample on the Pacific Tester, but in each case the 
yarn was chewed up by the tongue and groove rolls 
on the first run and could not be rerun. Because of 
this, it was decided to run 10 consecutive samples 
from the same bobbin and compute the CV of the 
results. Because of intrabobbin variation, it was 
expected that this CV would be greater than if the 
same sample could be rerun, The coefficient of vari- 


ation obtained for each tester is shown in Table I. 


TABLE II. Per Cent CV of Data Obtained in 
Yarn Characterization Test 


Yarn Sample 
Speed Length 


Testers (yd/min) (ft) 


Uniformity Analyzer 

Automatic Evaluator 100 1000 
Fielden-Walker Integrator 20 540 
Uster Linear Integrator 8 168 
Uster Linear Integrator 100 750 
Uster Quadratic Integrator 100 750 
Pacific Graph 12 75 


Yarn Characterization 


The precision with which the average uniformity 
of a large number of bobbins can be determined de- 
pends for the most part upon the sampling technique 
employed. Sampling technique as used here refers 
to the number of bobbins tested and the sample 
length used from each bobbin. A test was run to 
determine how good an average the various testers 
gave from a group of randomly picked samples us- 
ing the recommended or commonly used sampling 
technique for each tester. A recommended sample 
length was given for each tester, but in all cases ex- 
cept the Uniformity Analyzer no recommendation 
could be found in the various instruction manuals as 
to the number of bobbins to be tested. Therefore, 
from a lot or group of 25 bobbins of 31’s carded 
cotton yarn, 10 bobbins were picked at random and 
run on each tester using the recommended or com- 
monly used methods, speeds, sensitive lengths, and 
sample lengths for each tester. The per cent co- 
efficient of variation of the results for each tester is 
shown in Table II. 

Each per cent CV listed in Table II is the per cent 
coefficient of variation of the mean and not of the 
individual bobbins. In this table, it can be seen that 
the value for the Pacific tester is out of line. The 
reason for this high per cent CV in respect to the 
others is that the recommended sample length per 
bobbin of only 75 ft is considered entirely too short. 


Comparison and Correlation of 
Yarn Measurements 


A group of 25 yarn samples representing many 
different types and degrees of unevennesses and cov- 
ering a range in count from 13’s to 50’s were run on 
the various testers for a comparison and correlation 
of yarn measurements. For the majority of cases, 
the identical sample was used; one exception being 
the Pacific where only part of the sample was used 
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TABLE III. Correlation Coefficients Obtained in the 


Comparison and Correlation of Yarn Measurements 


Correlation 
Coefficient (r) 


0.996 


Instruments 


Uniformity Analyzer Graph—Uniformity Ana- 
lyzer Automatic Evaluator 

Uniformity Analyzer Graph—Fielden-Walker 
Integrator 

Uniformity Analyzer Automatic Evaluator— 
Fielden-Walker Integrator 

Uniformity Analyzer Graph—Uster Quadratic 
Integrator 

Uniformity Analyzer Automatic Evaluator— 
Uster Quadratic Integrator 

Fielden-Walker Integrator—Uster 
Integrator 

Fielden-Walker Integrator—Uster Linear Inte- 
grator 

Uniformity Analyzer Graph—Uster Linear Inte- 
grator 

Uniformity Analyzer Automatic Evaluator— 
Uster Linear Integrator 

Pacific Evenness Graph—Uniformity Analyzer 
Graph 

Pacific Evenness Graph—Uniformity Analyzer 
Automatic Evaluator 

Pacific Evenness Graph—Uster Linear Inte- 
grator 

Pacific Evenness Graph—Uster Quadratic Inte- 
grator 

Pacific Evenness Graph—Fielden-Walker Inte- 
grator 

Uster Linear Integrator—Uster Quadratic Inte- 
grator 

Uster Graph—Uster Linear Integrator 


0.974 
0.985 
0.978 
0.985 
Quadratic 0.970 
0.963 
0.962 
0.974 
0.844 
0.863 
0.832 
0.876 
0.876 
0.986 


0.996 





because of the slower speed. In a comparison of 
the Uster Graph and Linear Integrator, new samples 
were used and a yarn speed of 4 yd/min employed 
because of the low frequency response of the Uster 
recorder. A sensitive length of 10 ft was used on 
the Uniformity Analyzer and a sensitive length of 
1 yd on the Pacific and Uster graphs. 

From the results obtained in this comparison, cor- 
relation coefficients, prediction equations, and aver- 
age multipliers were calculated between the various 
instruments. The coefficients of correlation com- 
puted are shown in Table III, and for a visual com- 
parison typical correlation plots are shown in Fig- 
ures 1 and 2. The yarn speeds and sample lengths 
used with each instrument and the prediction equa- 
tions and average multipliers calculated are listed 
in Appendix I. 

From the correlation coefficients calculated, it is 
seen that the correlation between yarn measurements 
on the Pacific Evenness Tester (mechanical type) 
and the capacitance type testers is not as high as was 
obtained between the measurements of the capaci- 
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tance type testers alone. The coefficients of correla- 
tion found between the results of the capacitance type 
testers ranged from 0.962 to 0.996, while a range of 
0.832 to 0.876 was obtained on the results between 
the Pacific and the capacitance type testers. One 
possible explanation of this difference in degree of 
correlation could be that the two different type test- 
ers are not measuring the same property of yarn. 
Another explanation could be that a 1-yd sensitive 
length, which is normally used in calculating the 
-acific charts, was used here; and that if some other 
sensitive length is used, better correlation may exist. 
However, it should be pointed out that in correlating 
the Uster graph and Uster Linear Integrator a l-yd 
sensitive length was used, and a correlation coeff- 
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cient of 0.996 was obtained. Also, in both the work 
by Bernet and Waters and ASTM Committee D-13, 
Subcommittee B-1 [1], all charts were calculated 
in the same manner, and the yarn measurements on 
the Pacific testers were always lower. In view of 
these points, it is believed that the Pacific tester is 
not measuring the same property of yarn as are the 
capacitance type testers. 


Effect of Gain Setting on Precision of 
Yarn Measurements 


The purpose of this test was to determine if the 
position of the trace or fluctuations on the evenness 
chart of the various testers had any effect on the 
precision of the measurement being made. The posi- 
tioning of the diagram on the chart is controlled by 
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the gain setting on all the yarn evenness testers ex- 
cept the Pacific, where positioning of the chart is 
controlled by the gage micrometer setting. Because 
of the inherent material variability, it is practically 
impossible to center these fluctuations on the even- 
ness chart around the zero line or center of the chart, 
Dis- 
placement of the diagram or trace above the center 
of the chart results in an increase in amplitude of 


depending on the specific tester being used. 


the chart fluctuations; displacement below results in 
When the 
charts are calculated by the range method and with 


a corresponding decrease in amplitude. 


the zero (no material in measuring head) located at 
bottom of the 
If zero is taken in the center of the chart 


the chart, no correction factor is 
needed. 
as on the Uster, displacement of the mean weight 
or average height of diagram above or below zero 
must be corrected by the proper factor determined 


When the 


various integrators or Automatic Evaluator are used 


from the average value reading taken. 


instead of the chart, correction factors are supplied 
by such meters as the Fiducial Mean on the Uni- 
formity Analyzer, Average Value on the Uster, and 
Mean Level on the Fielden-Walker. 

A group of yarn samples representing various 
types of unevenness was run on the testers at high, 
medium, and low gain. The same sample was used 
for each of these gain settings. For this test, high 
gain placed the diagram approximately three-fourths 
the way up the chart from the bottom; medium gain, 
approximately midscale; and low gain, approxi- 
mately one-fourth the way from the bottom. 

The results obtained for each tester were plotted, 
and typical plots are shown in Figures 3 and 4. 
Due to the nature of these plots, the individual points 
would tend to fall on each other if the gain setting 
had no effect on the precision of measurement. 
From the results it was found that the gain setting 
does not have any significant effect on the various 
testers except in the case of the Uster Quadratic In- 
tegrator (Figure 3). Here it is noted that the re- 
sults appear to be significantly different and that 
there is a common trend for each sample to give an 
The 


high gain corresponds to a positive average value 


increasing per cent CV from high to low gain. 


reading, and the low gain corresponds to a negative 
average value reading. 

Since the chart diagram on the Pacific tester is 
positioned by the gage micrometer setting and not 
a gain setting, it was decided to investigate the ef- 
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fect of gage micrometer setting and magnification 
setting on the precision of yarn measurements. Due 
to the chewing of the yarn by the Pacific tester, suc- 
cessive samples from the same bobbin were used for 
the different magnification and gage micrometer set- 
tings. It should be realized that this could possibly 
introduce an error due to variations within the bob- 
bin. From the results obtained, it was found that 
the gage micrometer setting did not appear to have 
any effect on the precision of measurement. In the 
case of the effect of the magnification setting (Fig- 
ure 4), it was found that for each sample the low 
magnification setting (£) was incorrect. Since some 
Pacific testers have different magnification values and 
are set and calibrated by different service men, this 
conclusion applies only to this specific tester. The 
significance of this test, however, is that the various 
magnification values should be checked for each 
tester to be sure they are correct. 


Effect of Yarn Speed on Precision of 
Yarn Measurements 


A test was run on the various testers to determine 
if the material (yarn) speed had any effect on the 
precision of yarn measurements. A group of yarn 
samples representing various types of unevenness 
were run at yarn speeds of 100, 75, 50, and 25 
yd/min. These speeds were obtained by means of 
a variable speed drive and are not commonly used 
by all testers but were chosen for comparison pur- 
poses. The same sample was run at the various 
speeds keeping the gain and other settings constant. 


Zero adjustments were checked before and after each 
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run. The Pacific tester was excluded because its 
speed could not be varied. The effect of yarn speed 
on the results of the Fielden-Walker graph was in- 
vestigated in Research Report 60 [2], and it was 
found that the frequency response of the recorder 
was too low, even for the slow speed of 2 yd/min 
used with this recorder. 

In Figures 5 and 6, it is seen that material speed 
does have a significant effect on the precision of yarn 
measurements on the Uniformity Analyzer graph 
and Uster Quadratic Integrator. In the case of the 
Uniformity Analyzer, it should be noted that this 
unit, in conjunction with the Brush recorder, was 
designed to test yarn at 100 yd/min. The high fre- 
quency response of the Brush recorder necessary for 
this speed is obtained by. means of a frequency com- 
pensating circuit, and this is probably the explana- 
tion of the variation of results at the lower speeds. 
On the Uster Quadratic Integrator, it is noticed that 
the measurements are fairly constant for most of 
the speeds, but that at 50 yd/min there is a signifi- 
cant difference in results and a common trend in all 
cases to give higher results. The explanation for 
this is not known, but this effect should be kept in 
mind when using this speed. From the results ob- 
tained on the other testers, it appears that material 
speed does not have a significant effect on their pre- 
cision of yarn measurements. 


Comparison of Per Cent Nonuniformity and 
Per Cent Coefficient of Variation 


Many textile men have become interested in the 
“Degree of Perfection” formula used by Dr. Martin- 
dale of England. By means of this formula, yarns of 
different count and fiber quality can be compared. 
Since this formula uses the statistical term per cent 
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CV, a number of mills have inquired about the rela- 
tion between per cent nonuniformity (per cent NU) 
as obtained with the Uniformity Analyzer and per 
cent coefficient of variation (per cent CV) as ob- 
tained using the Uster tester with the Quadratic In- 
tegrator. Preliminary investigations [2] indicated 
good correlation between per cent NU and per cent 
CV and that per cent NU was approximately 5 times 
per cent CV. In view of this fact, it was decided to 
investigate the statistical relationship existing be- 
tween these two measurements, employing a larger 
group of samples. 

In many books on statistics, mention is made of 
a relationship existing between the standard devia- 
tion and the range in an unbiased sample whereby 
the average range can be divided by a factor from 
Tippett’s tables [6] to give the standard deviation. 
Since per cent NU is actually an average range di- 
vided by the mean, the above relationship should ex- 
ist; the problem is to determine the number of sub- 
divisions to select the proper divisor constant. 

On the Brush graph recording, there are 100 
groups of 10-ft lengths (1000-ft sample length) in 
which the difference between the high and low peak 
in each 10-ft length can be designated the specimen 
range. The numerical difference between the aver- 
age high and average low therefore gives the average 
specimen range. It has been established in the litera- 
ature [3] by a number of writers that the length of 
the drafting wave is approximately twice the staple 
length, and this relationship was used in determining 
the number of subdivisions or peaks and dips in 10 
ft of yarn, which is the standard sensitive length 
used with the Uniformity Analyzer. It was found 
that there are approximately 54 drafting waves on 
the average in 10 ft of cotton yarn made from 1} 
in, staple, and since each drafting wave has a peak 
and a dip, there are approximately 108 peaks and 
dips in 10 ft of yarn. From Tippett’s tables, a di- 
visor constant of 5.02 is found for 100 subdivisions, 
and this figure can be used to convert per cent NU 
to per cent CV. This figure is in very close agree- 
ment with the average divisor of 5 found in Research 
Report 60 [2]. 


To investigate further this statistical relationship 
between per cent NU and per cent CV, a group of 
150 yarn samples was run on the Uniformity Ana- 
lyzer graph, Uniformity Analyzer Automatic Eval- 


One-third 
of these samples were 30’s warp yarn; another third 


uator, and Uster Quadratic Integrator. 
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TABLEIV. Summary of the Relationship Between Per Cent 
NU as Obtained on Uniformity Analyzer and Per cent 
CV as Obtained by Uster Quadratic Integrator 


Divisor 
(Automatic 
Evaluator)* 


4.86 
4.73 
5.03 


Sample 
Group 


Divisor 
(Graph)* 
4.81 


4.57 
5.02 


30’s warp 
40's filling 
Mixed count 


* This divisor represents the figure obtained when per cent 
NU is divided by per cent CV. 


were 40’s filling yarn; and the remaining third were 
different count samples ranging from 13’s to 150’s 
and including carded, combed, plied, and double- 
carded yarn. The 30’s and 40’s yarns were spun 
from 135 in. SLM and 1,5 in. M cotton respec- 
tively, while the various staple lengths of the mixed- 
count samples are unknown. A sample length of 
1000 ft and a yarn speed of 100 yd/min were used. 
These results were summarized and the average di- 
visor existing between per cent NU and per cent CV 
Table IV. 

From the results of this test, it is seen that the 
relationship between per cent NU and per cent CV 
is slightly less than 5 except in the case of the mixed- 
count samples. 


results is shown in 


It should be noted that the warp 
and filling samples * were trashy and neppy. It is 
believed that the Uster tester is sensitive to neps 
and trash, and this could be a possible explanation 
of the difference in average divisors obtained be- 
tween these samples and the mixed-count samples. 
Also, the staple length of all samples was not known, 
and the divisor constant will change slightly with a 
change in staple length. From this test, it is con- 
cluded that to a first approximation per cent NU as 
measured on the Uniformity Analyzer can be di- 
vided by 4.8 to obtain per cent CV as observed on 
the Uster Quadratic Integrator. 


Comparison of Filling Per Cent Nonuniformity 
and Fabric Appearance 


A question frequently asked is “What relationship 
or correlation exists between evenness of yarn and 
fabric appearance ?”’ Since it is believed that one of 
the prime objectives of an evenness tester is to help 
improve fabric appearance, an investigation was 
made of this question. This investigation includes 
a comparison of fabric filling per cent nonuniformity 
with fabric appearance of both a dyed chambray fab- 


2 These samples were surplus yarn from a 17 mill test. 
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ric and a grey printcloth (80 x 80). Both types of 
fabrics were included because a dyed chambray in- 
creases the contrast, which tends to make small dif- 
ferences more apparent. 

Sixteen dyed chambray fabric samples, of which 
the per cent nonuniformity of the filling was known, 
were sent to member mills for ranking in order of 
appearance by cloth graders. These samples were 
woven on the same loom, and it was impressed upon 
the graders that the warp uniformity should not en- 
ter into their judgment since interest was only in the 
filling nonuniformity. Although such things as neps, 
twist, color, bulkiness, hairiness, etc. enter into fab- 
ric appearance, these samples were graded only on 
the basis of filling yarn uniformity or variations in 
weight per unit length. 


The fabric samples were 
ranked from best to poorest and the rankings given 


hy the various graders are shown in Appendix II. 
The ranking correlation coefficients (p) were deter- 
mined from Spearman’s rank correlation formula 
and appear in Appendix II. These coefficients rep- 
resent the ranking correlation between each grader 
and the per cent NU of the filling. 

Several of the samples were very close in filling 
per cent NU, and this difference in per cent NU was 
not considered to be significant. Graders ranking 
these samples might easily rank them either way, in 
which case this would affect the ranking correlation 
whereas the samples were not significantly different 
in filling per cent NU. Because of this, 10 of the 
samples which were most evenly spaced as regards 
to filling per cent NU were chosen and new ranking 
correlation coefficients were determined. These fig- 
ures appear in Appendix III, and it is noticed that 
a much higher degree of rank correlation is obtained. 

In Spearman’s Table of Critical Values of Rank- 
Correlation, the following significant rank correla- 
tion coefficients for the 99% 
listed : 


confidence level are 


Sample Size (NV) 99% Confidence Level 
10 0.746 
16 0.601 


From this table, it is seen that all rank correlation 
coefficients obtained were significant and that there 
appears to be a definite correlation between fabric 
appearance and filling nonuniformity in the case of 
the blue chambray samples. 

The comparison of filling nonuniformity and fab- 
ric appearance was further extended to include grey 
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goods. Various carded and combed 30’s yarns were 
analyzed for per cent NU and 10 samples covering 
a range of per cent NU from 70 to 123 in steps of 
approximately 5% NU were chosen. These samples 
were then woven into cloth and distributed to vari- 
ous mills for grading as before. The results obtained 
are shown in Append:x IV. 

Spearman’s Table of Critical Values of Rank Cor- 
relation lists 0.746 to be significant on the 99% con- 
fidence level for a sample size of 10 (N)). Three of 
the 4 graders appear to be fairly high in significance, 
while the fourth one (Grader 1) is a borderline case. 
From the results of both the dyed chambray samples 
and gray goods samples, there appears to be a rela- 
tionship between fabric appearance and per cent NU 
of the filling. On the average, approximately 3% 
NU difference could be noted in the dyed chambray 
samples and 5% NU difference in the gray goods 
samples. 


Roving Characterization 


A test similar to the yarn characterization test was 
run on roving to determine how precise an average 
the various testers gave from a group of randomly 
picked samples. From a group of 25 bobbins of 
3.00 hank roving, 10 bobbins were chosen and run 
on each tester, using the recommended or commonly 
used sample length. A material speed of 20 yd/min 
was used on all testers except the Pacific, where 12 
yd/min was used. A sensitive length of 10 ft was 
used in calculating the Uniformity Analyzer graphs 
and a 1-yd sensitive length was used for the Pacific. 

The per cent coefficient of variation of the mean 
In this table, 
it can be seen that the Uster Linear Integrator with 
a sample length of 300 ft had the smallest per cent 
CV, or less spread in data. A reason for the higher 
per cent CV of the Pacific is probably that the rec- 
ommended sample length per bobbin of only 75 ft 
is not sufficient. 


for each tester is shown in Table V. 





TABLE V. Per Cent CV of Data Obtained in 
Roving Characterization Test 


Sample Length CV 
Tester (ft) (%) 


0.67 
0.87 
0.97 
1.14 
1.47 


Uster Linear Integrator 300 
Uniformity Analyzer Graph 500 
Uster Quadratic Integrator 500 
Fielden-Walker Integrator 500 
Pacific Graph 75 
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TABLE VI. Correlation Coefficients Obtained in the 
Comparison and Correlation of Roving 
Measurements 
Correlation 

Coefficient (r) 
0.859 
0.768 
0.776 
0.809 
0.734 


Instrument 


Uster Graph—Uster Linear Integrator 

Uniformity Analyzer Graph—Pacific Graph 

Pacific Graph—Uster Linear Integrator 

Fielden-Walker Graph—Pacific Graph 

Uster Linear Integrator—Fielden-Walker Inte- 
grator 

Pacific Graph—Uster Quadratic Integrator 

Uster Quadratic Integrator—Fielden-Walker 
Integrator 

Uster Linear Integrator—Uster Quadratic Inte- 
grator 

Uniformity Analyzer Graph—Uster Linear Inte- 
grator 

Pacific Graph—Uniformity Analyzer Graph 

Uniformity Analyzer Graph—Uster Quadratic 
Integrator 

Fielden-Walker 
lyzer Graph 


0.764 
0.656 


0.570 
0.653 


0.830 
0.858 


Integrator—Uniformity Ana- 0.717 


Comparison and Correlation of 
Roving Measurements 


A group of roving samples representing various 
amounts and types of unevenness and covering a 
range of hank-roving size fromi 1.30 to 5.00 were 
run on the various testers for a comparison and cor- 
relation of roving measurements. The identical rov- 
ing samples could not be run on each tester as was 
done in the case of yarn because of the handling and 
inevitable stretching of the roving; therefore, suc- 
cessive samples were taken from the same bobbin to 
be run on the different testers. Due to the intra- 
bobbin variations which occur within the bobbin, 


adequate sample lengths were run to keep these 


r= 0.776 


PER CENT MEAN LINEAR VARIATION 
USTER LINEAR INTEGRATOR 


40 45 50 


AVERAGE PER CENT UNEVENNESS 
PACIFIC EVENNESS GRAPH 


Fig. 7. 
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variations to a minimum. In the comparison of the 
Uster Linear Integrator and graph, both measure- 
ments were taken on the identical sample. 

From the results obtained in this comparison cor- 
relation coefficients, prediction equations, and aver- 
age multipliers were calculated between the various 
instruments. The correlation com- 
puted are shown in Table VI and for a visual com- 
parison typical correlation plots are shown in Fig- 
ures 7 and 8. The various material speeds and 
sample lengths used with each instrument and the 


coefficients of 


prediction equations and average multipliers calcu- 
lated are listed in Appendix V. 

From the correlation coefficients calculated (rang- 
ing from 0.656 to 0.859), it is seen that the roving 
measurements do not correlate as well as did the 
yarn measurements. Some possible explanations of 
this could be the different size roving slots (meas- 
uring heads) on the various testers, the form and fill 
factors of roving in the slots, and the twisting of 
roving while moving through the slot. Since a cor- 
relation coefficient of only 0.86 was found between 
the Uster Linear Integrator and graph using identi- 


cal samples, it is believed that the same relationship 


that existed between peak to peak measurements and 
integrator measurements in yarn does not exist in 
roving measurements. An average multiplier of 5.57 
was found to exist between the Uniformity Analyzer 
and Uster Quadratic Integrator roving measure- 
ments, whereas an average multiplier of 4.80 was 
found for the yarn measurements. Also, it was 
noticed that the correlation between the Pacific meas- 


urements and the other units was higher than in the 


PER CENT COEFFICIENT OF VARIATION 
USTER QUADRATIC INTEGRATOR 


50 55 60 65 70) = 75 


PER CENT NONUNIFORMITY (NU) 
ITT-BRUSH UNIFORMITY ANALYZER GRAPH 


Fig. 8. 
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TABLE VII. Correlation Coefficients Obtained in the 
Comparison and Correlation of Sliver Measurements 


Correlation 
Coefficient (r) 


0.890 


Instrument 


Uniformity Analyzer Graph—Uster Quadratic 
Integrator 

Uster Linear Integrator—Saco-Lowell Graph 

Uster Linear Integrator—Uster Graph 

Uster Linear Integrator—Fielden-Walker Inte- 
grator 

Pacific Graph—Fielden-Walker Integrator 

Pacific Graph—Uniformity Analyzer Graph 
(3’ SLL.) 

Pacific Graph—Uniformity 
(10’ S.L.) 

Uster Linear Integrator—Uniformity Analyzer 
Graph 

Uniformity Analyzer Graph—Fielden-Walker 
Integrator 

Uniformity Analyzer Graph—Saco-Lowell 
Graph 

Uster Linear Integrator—Pacific Graph 

Pacific Graph—Saco-Lowell Graph 

Saco-Lowell Graph—Fielden-Walker Integrator 


0.037 
0.643 
0.072 


0.927 
0.960 


Analyzer Graph 0.974 
0.033 
0.930 
0.918 


0.203 
0.973 





yarn comparison. The roving samples were not 


chewed up by the Pacific tester as were the yarn 
samples, and possibly there is insufficient mass in 
the finer cotton yarns on the Pacific for the high 
compressive forces used. From these results it ap- 
pears that the Pacific tester is making the same type 
of measurement on roving as the capacitance testers. 


Comparison and Correlation of 
Sliver Measurements 


Ten sliver samples, of which 6 were card sliver, 
2 breaker drawing sliver, and 2 finisher drawing 
sliver, were processed at the Institute and run on 
the various testers for a comparison of measure- 
ments. Experience in analyzing sliver at the Insti- 
tute has shown that the nonuniformity of the sliver 
sample varies from the top of the can to the bottom 
due to “coiler head nonuniformity” which is caused 
by the sliver already in the can pressing up against 
the under side of the tube gear with sufficient force 
to draft the new sliver as it emerges from the tube 
gear. The samples were processed from partial laps 
from the 20-mill cleaning test and, in order to elim- 
inate variations of the samples due to “coiler head 
nonuniformity,” 300-ft samples were run from each 
partial lap for testing on each instrument. By only 
running a 300-ft sample into each can the sliver did 
not rise up to the tube gear. 


From the results obtained in this comparison cor- 
relation coefficients, prediction equations and aver- 


TEXTILE RESEARCH JOURNAL 


age multipliers were computed between the various 
testers. The correlation coefficients are shown in 
Table VII, and for a visual comparison typical cor- 
relation plots are shown in Figures 9 and 10. The 
various material speeds and sample lengths used with 
each instrument and the prediction equations and 
average multipliers calculated are listed in Appen- 
dix VI. 

It was noticed from the results obtained that the 
highest correlation was found between the measure- 
ments of the Uniformity Analyzer and Pacific, 
Fielden- Walker, Saco-Lowell testers. The 
measurements on the Uster Linear Integrator had 
very little spread and practically no correlation with 


and 


the measurements made by the other instruments. 
Since sliver is very uniform in comparison with rov- 


on 
in 
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Fig. 10. 





Aueust, 1955 


ing and yarn, it could be possible that the integrat- 
ing instruments tend to average out the unevenness 
and show only small changes in sliver measurements, 
while the peak to peak type instruments are more 
sensitive in sliver This was also 
borne out previously in the roving comparison. 
From the results obtained in both the roving and 
sliver comparison of measurements, it appears that 
the peak to peak measuring instruments (Uniformity 
Analyzer, Pacific, and Saco-Lowell) are more sensi- 
tive to unevenness and correlate better than the in- 


measurement. 


tegrating instruments in measuring roving and sliver 
unevenness. 


Recorder Linearity Check 


The electrical device which records the fluctua- 
tions of unevenness should be able to do so in a lin- 
ear manner; i.e., all record fluctuations should be 
directly proportional to the corresponding sample 
unevenness. This feature is essential for accurate 
results and precision of reproducibility of measure- 
ments. 

A series of tests was run on the various instru- 
ments to compare the recorder linearity and where 
applicable to compare the linearity of the meter scale 
which indicates average weight (such as Fiducial 
Mean of the Uniformity Analyzer and Average 
Value of the Uster) and is used as a correction fac- 
tor in obtaining the corrected measurement. The 
relation between instrument output and both re- 
corder chart divisions and the average weight scale 
was made on the Uniformity Analyzer, Uster, and 
Fielden-Walker testers. A typical plot of these val- 
ues is shown in Figure 11. The recorder linearity 
of the Pacific tester was checked by varying the gage 
micrometer setting and noting the recorder chart 
displacement from center for each setting. In order 
to minimize errors in making the micrometer gage 
setting, 3 settings were made at each position and 
the average of these taken. This was performed at 
3 magnification settings, and the family of curves ob- 
tained is shown in Figure 12. 

The linear relationships of the instruments can be 
seen in Figures 11 and 12, a straight line indicating 
a linear relationship between the instrument output 
and its recorder or mean weight scale. From the 
results of this experiment it appears that the varicus 
recorders are absolutely linear with one or two 
points a little off at the extreme edges of the recorder 
on the Uniformity Analyzer and on the Pacific at 
60 magnification. 


INPUT IN VOLTS 


RECORDER 


5 10 6S 20 25 30 35 40 
RECORDER CHART DIVISIONS IN MM. 


Fig. 11. 
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RECORDER CHART DISPLACEMENT IN TENTHS OF 
AN INCH 
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Fig. 12. 


Zero Warm-Up Drift 


To obtain accurate and reproducible results on an 


electronic tester, a warm-up period is generally 
needed to allow the tubes to become heat stable, at 
which time there would be no further drifting of 
the tester if it is not sensitive to temperature fluctua- 
tions. 


Some mills who use their testers daily make 
it a habit to leave the units on continuously, thereby 
eliminating this possibility of error being introduced. 

A 4-hr zero warm-up drift check was run on all 
the applicable testers simultaneously to compare the 
minimum warm-up time for each tester to reach a 
In order for all testers 
to have a comparable set-up in regard to gain or 


stable operating condition. 





PER CENT FULL SCALE ORIFT 


100 150 
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Fig. 13. 


amplification, a 30’s yarn was run on each the day 


before, and the various settings for midscale noted. 
All testers were turned on and allowed a 5-min 
warm-up in order that the tubes might stabilize 
enough to make an accurate zero setting. After 5 
min the each instrument and 
periodically the recorder was turned on and the time 
noted. 


zeroes were set on 


The test was run in a closed room at a con- 
stant humidity of 60% R.H. No means were avail- 
able to control the temperature and the temperature 
change was noted throughout the test. The results 
obtained are shown in Figures 13 through 17 in 
which per cent full scale deflection is plotted against 
time. After running the test, it was observed that 
a temperature rise of 15°F had occurred over the 
4-hr period. This rise was attributed to a warm 
spring day, closed room, and 4 testers on at the same 
time. 

From the graphs plotted it is seen that the 
Fielden-Walker and Pacific testers had practically 
no zero drift (1.2% full scale in both cases) while 
the Uniformity Analyzer and Uster testers did not 
stabilize over the entire 4-hr period. After analyz- 
ing these results, it was concluded that the Uni- 
formity Analyzer and Uster Tester are both sensi- 
tive to temperature changes. In view of this, an- 
other test was run in the air-conditioned laboratory 
The 
results obtained are shown in Figure 17, and it is 
that a different From the 
graph in Figure 17 it is noticed that an increase in 
per cent full-scale drift occurred at 60 min and then 


in which a Uniformity Analyzer was available. 


seen situation exists. 
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Fig. 14. 


came back down and remained fairly constant. Tem- 
perature recordings were taken during the test, and 
at the 60-min time the temperature rose from 72°F 
to 74°F and then came back down to the constant 
temperature of 72°F for the remainder of the test. 

In analyzing these results, it should be kept in 
mind that the amount of drift is not nearly as im- 
portant as the time required to reach a stable op- 
erating point at which no further drifting occurs. 
From the results obtained, it appears that a 15-min 
warm-up period is adequate for the Fielden-Walker 
and Pacific testers. In the case of the Uniformity 
Analyzer and Uster tester, it is believed that a 
warm-up period of 1 hr is required for the tester to 
reach stability. This time was arrived at for the 
Uster tester by noting that in Figure 15 the curve 
flattened off at approximately 45 min. It also be- 
gan dropping after 60 min, but this is believed to 
be due to the tester being sensitive to temperature 
changes in the room. The above times recommended 
may vary between testers, depending on the tube 
From this test it is seen that both 
the Uniformity Analyzer and Uster tester are sensi- 


characteristics. 


tive to temperature changes, and in view of this fre- 
quent zero checks should be made to obtain accurate 
results. 


Summary and Conclusions 


1. The precision of reproducibility of 10 successive 
runs of a 30’s carded yarn sample on the various test- 
ers was found to be in the following order, with the 
highest precision first: Uniformity Analyzer graph, 
Uniformity Analyzer Automatic Evaluator, Uster 
graph, Uster Linear Integrator, Uster Quadratic In- 
tegrator, Fielden-Walker graph, Pacific graph, and 
Fielden-Walker Integrator. 

2. The precision with which each tester could 
characterize the average unevenness of a number of 
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200 


random bobbins from a large group of yarn bobbins 
was found to be in the following order, with the most 
precise instrument first: Uniformity Analyzer Auto- 
matic Evaluator, Fielden-Walker Integrator, Uster- 
Linear Integrator, Uster Quadratic Integrator, and 
Pacific graph. 


3. In a test of a group of different yarn samples 


covering a wide range of uniformities, it was found 
that the results obtained from the various electronic 
testers showed almost perfect relationship between 
their measurements, while the results obtained on 
the Pacific tester showed the same general trends in 
uniformity measurements but to a lesser degree than 
the other. 

4. The gain setting was found to have no signifi- 
cant effect on the precision of results of the various 
electronic testers except in the case of the Uster 
Quadratic Integrator where lower gains (negative 
average value) tended to give a higher per cent CV. 
The effect of gage micrometer and magnification set- 
ting on yarn measurements was investigated on the 

-acific tester, and it was found that gage setting had 
no significant effect but that the E-magnification set- 
ting gave a lower result in every case. 

5. Yarn speed was found to have an effect on the 
precision of yarn measurements on the Fielden- 
Walker graph, Uniformity Analyzer graph, and 
Uster Quadratic Integrator. No effect was found 
on the remaining instruments. 

6. It was found that, to a first approximation, the 


yarn per cent CV as obtained on the Uster Quadratic 


= nm as > 
° ° °o ° 
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Integrator can be multiplied by 4.8 to obtain yarn 
per cent NU, 

7. In a comparison of filling per cent NU and 
fabric appearance on both dyed chambray and gray 
goods samples, there appeared to be a correlation or 
On the 
average, approximately 3% NU difference could be 
noted in the dyed chambray samples and 5% NU 


relationship between these two qualities. 


difference in the gray goods samples. 

8. The precision with which each tester could 
characterize the average unevenness of a number of 
random bobbins from a large group of roving bob- 
bins was found to be in the following order, with 
the most precise instrument first: Uster Linear In- 
tegrator, Uniformity Analyzer graph, Uster Quad- 
ratic Integrator, Fielden-Walker Integrator, and Pa- 
cific graph. 
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9. In a comparison of measurements of a group 
of roving samples of varying uniformity, it was 
found that the results obtained from the various test- 
ers showed the same general trends; however, the 
degree of correlation was not as high as obtained in 
the yarn comparison. 

10. In a comparison of 10 sliver samples, it was 
found that the results obtained on the Uniformity 
Analyzer, Pacific, Saco-Lowell, and Fielden-Walker 
showed a high degree of correlation, while the re- 
sults of the Uster Linear Integrator showed almost 
no correlation with the results of the other testers. 

11. Recorder Linearity checks showed that the 
various instruments are absolutely linear with one 
or two points a little off at the extreme edges of the 
recorder on the Uniformity Analyzer and on the 
Pacific at 60° magnification. 

12. In a test to determine the minimum warm-up 
time for precise results on the various testers con- 
taining electronic equipment, it was found that a 
15-min warm-up period appears to be adequate for 
the Pacific and Fielden-Walker testers while a 1-hr 
warm-up period is necessary for the Uniformity An- 
alyzer and Uster testers. It was found that both the 
Uniformity Analyzer and Uster testers are sensitive 
to temperature changes. 

13. From the results of this thesis and the ex- 
perience in running the various testers, it is believed 
that the capacitance type testers (Uniformity Ana- 
lyzer and Uster) are best suited for measuring yarn 
unevenness and the compression type tester ( Pacific ) 
is best suited for measuring roving and sliver un- 
evenness. These conclusions were based on the fol- 
lowing points : 

a. The capacitance type testers are superior for 
yarn testing because of their precision, speed, ease 
of running, and nondamaging effect on yarn being 
run, 

b. The compression type tester is superior for 
testing roving and sliver because of its ease of op- 


eration, nonloading of measuring head, negligible 
effect of uneven regain, and control limit pens avail- 


able for quality control of evenness and size varia- 
tion. 
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Appendix I: Prediction Equations and Average Multipliers 
Calculated in the Comparison and Correlation of 
Yarn Measurements 


Prediction Equation 


0.95B + 4.6 
1.05A — 4.6 
4.15C + 13.6 
0.23A — 2.2 
4.40C + 8.8 
0.22B — 1.3 0.21 
1.22D + 1.0 1.28 
0.80C — 0.3 0.78 
5.39C 12.8 6.17 
0.18B 1.4 0.16 
5.05D + 17.9 6.15 
0.18A 2.0 0.16 
5.55E 19.3 6.87 
0.17A — 2.6 0.14 
5.91E 14.4 6.90 
0.16B 1.9 0.14 
1.30E + 1.9 1.43 
0.72C — 0.5 0.70 
: 1.04E + 1.1 3.12 
0.89D 0.89 
1.34F + 33.2 2.00 
0.53A — 3.4 0.50 
1.44F + 28.7 2.01 
0.52B — 6.2 0.50 
= 0.33F + 4.5 0.42 


Average Multiplier* 
0.99 
1.01 
4.80 
0.21 
4.82 
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ei ei titi 





Aucust, 1955 


Appendix I (Cont.) Appendix III (Cont.) 
Prediction Equation Average Multiplier* Rankings 
Filling Se 
F = 2.35C + 1.0 2.40 aye : . ; 
D =0.25F ; 38 0.32 (% NU) Grader 1 Grader 2 Grader 3 Grader 4 
F 2.76D + 5.1 3.07 105.8 5 4 : 5 
E 0.24F + 2.4 0.29 108.4 4 7 6 
F 3.1SE + 4.1 3.43 113.6 8 8 7 
G 7.36D — 5.9 6.90 117.8 6 6 8 
D 0.13G + 0.8 0.14 121.1 9 9 9 


: ° . . 2 
* Results from tester on right side of equation times average 127.9 , 
ialiditinn deniiiln. cteuiiee tm: tem emmnctedl one Ken Sali tte Spearman’s 
multiplier equals results to be expected on tester in left side oy. 
of equation. sce Al 
2 ; Coefficient (p) 0.89 0.95 0.96 
Sample Yarn mech eid 
Length Speed 
Code (ft) (yd/min) 
Uniformity Analyzer Graph. 1000 100 Appendix IV: Ranking Correlation Data between Fabric 
‘ SF ig igen Appearance and Per Cent Nonuniformity of Filling 
U. A. Automatic Evaluator. 1000 100 (Grey Printcloth, 80 X 60) 
= Uster Quadratic Integrator. 1000 100 y ° 
Uster Linear Integrator. 1000 100 Ranking 
Fielden-Walker Integrator. 1000 20 Filling . 
Pacific Graph. 300 12 (% NU) 
Uster Graph. 90 4 





Grader 1 Grader 2 Grader 3 Grader 4 


70.6 
80.6 
85.7 


Appendix II: Ranking Correlation Data between Fabric 94.9 
Appearance and Per Cent Nonuniformity of Filling 101.3 
(Blue Chambray, 80 X 80, 30’s Filling) ase 
Rankings 111.9 
Filling  — oe 
(%NV) Grader 1 Grader 2 Grader 3 Grader 4 9 : 
81.6 1 Spearman’s 
84.0 2 Ranking 
96.7 3 Correlation 
101.4 Coefficient (p) 0.745 0.903 0.879 0.915 
104.2 - 


105.4 
105.8 
108.0 
108.4 
110.3 
113.6 13 10 11 
114.5 5 14 Prediction Equation Average Multiplier* 
115.1 12 9 10 12 f 0.22F : 0.25 
117.8 9 12 9 13 7 = 2.69C 4.00 
121.1 15 15 15 15 0.154 0.18 
127.9 16 16 16 16 ; 4.99C 5.57 
Spearman’s 0.57A 0.96 
Ranking F 1.03H 1.04 
Coefficient (p) 0.85 0.76 0.88 0.97 0.39C 0.76 
—_——— vn — ——— > = 0.84D 1.32 
z 0.20F 0.22 
3.25E 4.53 
Appendix III: Ranking Correlation Data between Fabric d 1.37F + 0.99 1.39 
Appearance and Per Cent Nonuniformity of Filling * = 0.504 13.38 0.72 
(Blue Chambray, 80 X 80, 30’s Filling) E =0.11A 3.11 0.16 
/ 4.76E 15.03 6.31 
7.92D 13.00 6.32 
0.09G 3.35 0.16 
0.08A 3.68 0.14 
1 1 = 5.60D 14.64 7.36 
2 2 O.15F 1.73 0.19 
3 3 4.02D 10.52 5.28 
4 4 J 0.58C 3.39 0.88 


nNmewrehrd 
ure wr 


= or 


= 
— 





i. 
“I oO 


= 


—_ 
SRK NA OWN 


Appendix V: Prediction Equations and Average Multipliers 
10 Calculated in the Comparison and Correlation 
9 of Roving Measurements 


—_ 
mm Ww 





Rankings 

Filling 
(% NU) Grader 1 Grader 2 Grader 3 Grader 4 
81.6 1 
84.0 2 
3 

5 





96.7 
101.4 


++t+t++ i +t++tttt+t+t++++ 





TEXTILE RESEARCH JOURNAL 


Appendix V (Cont.) Appendix VI (Cont.) 
Prediction Equation Average Multiplier* Prediction Equation Average Multiplier* 
C =0.75E + 3.74 1.13 0.107 + 1.04 0.17 


D =0.57E + 2.80 0.86 8.47E — 6.78 5.87 
E =0.95D + 1.83 1.17 0.002I + 2.92 0.20 


* Results from tester on right side of equation times average 0.57D + 12.87 4.92 
multiplier equals result to be expected on tester in left side 5.44D — 1.32 4.84 
a‘ 0.086G + 1.39 0.21 

of equation. 0.12D + 2.16 0:85 
0.42E + 2.85 1.17 
5.56E — 3.27 4.26 
0.15H + 0.87 0.24 
0.497 + 6.81 0.96 
1.72A — 9.42 1.04 
2.04D + 4.70 3.63 
0.02H + 2.74 0.28 


Sample Material 
Length Speed 
Code (ft) (yd/min) 


Uniformity Analyzer Graph. 500 20 

Uster Quadratic Integrator. 500 20 

Uster Linear Integrator. 500 20 

Fielden-Walker Integrator. 500 20 A =874C — 13.65 5.66 

Pacific Graph (1 yd Sk.) 300 12 C =0.09A + 2.14 0.18 

Uster Graph. 90 , ‘ oe 

Pacific Graph (10’ S.L.). E * Results from tester on right side of equation times average 
0 |e io ete ee ee 25S vie multiplier equals results to be expected on tester in left side 

of equation. 


Appendix VI: Prediction Equations and Average Multipliers _ a 
Calculated in the Comparison and Correlation Sample . laterial 

of Sliver Measurements Length Speed 
Code (ft) (yd/min) 


Uniformity Analyzer Graph. 250 20 
Uster Quadratic Integrator. 250 10 
Uster Linear Integrator. 250 20 
Fielden-Walker Integrator. 250 20 
Pacific Graph (1 yd S.L.). 250 12 
Uster Graph. 90 4 
Pacific Graph (10’ S.L.). 250 12 
Saco-Lowell Graphic Sliver 90 1 
‘ester. 
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Prediction Equation Average Multiplier* 


D =0.01A + 2.78 0.21 
A =0.27D + 13.14 4.71 
E =0.19A — 0.13 0.18 
4.53E + 2.52 5.53 
1.18A — 5.71 0.77 
0.78F + 5.57 1.30 
1.03A + 1.71 1.15 
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Rapid Impact Loading 
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Abstract 


The tensile behavior of a Hookean material elongated by rapid impact at one end has 


been calculated, using a theory in which wave propagation is considered. 


As a result 


of these calculations, limits have been established on the applicability of a simpler 
theory, discussed in a preceding publication, in which wave propagation was neglected. 





I. Introduction 


When a filament of uniform cross section is 
clamped at each end and rapidly elongated, data 
for a stress-strain curve can be obtained by measur- 
ing the force at one end and the elongation of the 
whole filament, both as functions of the time. In 
this case the assumption is made that stresses and 
strains in the filament are uniform along the length 
and can be represented by the stresses measured 
at an end and by the average elongations. This 
assumption is no longer valid when the rate at 
which the filament is lengthened approaches in 
order of magnitude the velocity of propagation of 
a tension wave along the filament. 

In previous work [1 ] this effect of wave propaga- 
tion was disregarded. It is the purpose here to 
determine how previously obtained results must be 
reinterpreted as a result of the wave-propagation 
effect. 


II. Wave Theory 


Consider a filament lying along the negative 
x-axis, with one end at the origin and the other end 
fixed at the point x =— L. At time ¢ = 0 and 
subsequently, the end at x = 0 is constrained to 


1 Presented in part at the November 1954 meeting of the 
Society of Rheology. Parts I and II of this article appeared 
in the June 1955 issue of the TEXTILE RESEARCH JOURNAL. 

2 Permission to publish this paper has been granted by the 
Office of the Quartermaster General, Department of the 
Army, which has sponsored and supported this work as a 
part of a broad and long-term fundamental program of 
research on textile materials. 


move with velocity vo in the positive direction. 
Assume that the tensile behavior is in accordance 
with Hooke’s law. Then, after impact, a strain 
pulse of magnitude €9 = vo/c is propagated down 
the filament with a velocity c. When the pulse 
is reflected at the fixed end, the strain is increased 
to 2e. A similar increase takes place at each 
reflection. 

This behavior is shown in Figure 1, in which 
the strains at several points along the filament 
are plotted as functions of the time. The strains 
are thus seen to vary discontinuously with time. 
These discontinuous increases in the strain become 


more pronounced as v> is increased. If we require 


that eo be less than 1% in order that wave-propaga- 
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Fig. 1. Local strain vs. time for a filament clamped at x = —L 
and rapidly elongated at x = 0 at velocity vp. 





702 


tion effects in most textile fibers may be safely 
disregarded, we must limit v9 to values less than 
0.01c, which in the case of high-tenacity nylon is 
approximately 25 m/sec. 

In the present experimental method a filament 
is terminated at x =— L by a mass mw where n 
is a number and w is the mass of the filament. 
At x = 0 the filament is terminated by a mass so 
large that its momentum will be practically un- 
changed by reaction forces from the filament and 
attached mass. At time ¢ = 0 the head mass is 
given a velocity vo. The behavior of the system 
is recorded photographically [2]. The data of 
interest are the elongation of the filament and the 
reaction force applied to the filament at the tail 
mass, both as functions of time. From these data 
the experimental stress-strain curve is constructed. 

The theoretical behavior of this system, when 
Hooke’s law applies,’ is most easily calculated by 
finding suitable solutions of the wave equation: 


07u/dt? = c?(d®u/dx?) (1) 


In this equation, ¢ is the time variable and x 
denotes the position of a cross section of the fila- 
ment relative to fixed coordinates when the filament 
is in the unstrained state; u (x,t) denotes the 
distance the cross section has moved from its 
original position at x; and c is the velocity of 
propagation of an elastic tension wave along the 
filament. 


c = VE/p 


where E = Young’s modulus of elasticity for the 
unstrained filament, and p = the density of the 
unstrained filament material. 

These solutions must satisfy the boundary condi- 
tion at the head: 


u(0,t) = vot (2) 


A suitable solution (for the unreflected wave) is 
given by: 

3 The stress-strain behavior of most textile fibers may be 
described by Hooke’s law only for small strains. At larger 
strains, the solutions derived here provide only rough ap- 
proximations to the behavior of an actual textile fiber but 
are adequate for the purposes of this theory. 

In order to take into account the significant reduction in 
cross-sectional area of the filament for the finite strains con- 
sidered here, it is assumed that Hooke’s law is obeyed in such 
a way that the product of Young’s modulus and cross-sectional 
area remains constant. The small effect of mass motion 
associated with the lateral contraction has been neglected. 
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where u represents a wave of velocity c travelling 
along the filament in the minus x direction, and e 
is the local strain or increase in length per unit 
length set up in the filament in the wake of the 
wave. It should be noted that both uw and e are 
equal to zero for values of t < |x! /c; i.e., no strain 
or displacement is present at a point in advance 
of the wave. 

When the wave arrives at the end of the filament 
it is reflected and travels back in the positive 
direction. The strain between the reflected wave 
front and the tail mass is represented as the sum 
of the strains caused by the incident and reflected 
waves. If the tail end of the filament were fixed, 
this strain would be 2¢€. However, since the tail 
mass can move, this strain, initially 2¢€9 at reflection, 
will decrease with time. The rate of decrease 
depends upon the tail mass and upon the order 
of the reflection, i.e., whether it is the first or a 
subsequent reflection. Reflections also occur at 
the head mass. A different solution of the wave 
equation is required to describe the state of the 
filament after each reflection. The first 10 of 
these solutions are tabulated in Appendix I. 


STRAIN IN §& UNITS 
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Fig. 2. Strain-time curves for a filament loaded at the 
tail with a mass 10w and rapidly elongated at the head at 
velocity vo. 
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Using these solutions it is possible to calculate 
curves of average strain vs. time, and local strain 
vs. time. These curves are given in Figure 2 for 
the case where the tail has a mass’of 10w (m = 10). 
The curve of local strain, e (— L,t), vs. time is 
jagged, the decrease in e between successive 
reflections becoming greater with each reflection. 

Since the force at the tail, which is found ex- 
perimentally from the acceleration of the tail mass, 
is proportional to the strain at the tail, it is possible 
to construct a theoretical stress-strain curve of 
local tail stress (strain) vs. average strain. Such 
a curve is given in Figure 3. Experimental curves 
are similar to this curve in that they show dips in 
the vicinity of maximum stress. There is also a 
delay in the initial rise of stress by the time it 
takes for the tension wave to be propagated to the 
tail mass. 


III. Theory, Neglecting Wave Propagation‘ 


A solution, applicable at low testing speeds, 
can be obtained by disregarding wave propagation 
along the filament and assuming the mass of the 
filament to be concentrated partly at the tail and 
partly at the head. The resulting solution, de- 
rived in Appendix I], is: 


u = eoL[@ — Vn’ sin (6/Vn’) ] (4) 


Ce/eo] = Vn’ sin (0/Vn’) (5) 


4For convenience we shall frequently refer to this theory 
as the nonwave theory. 
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Fig. 3. Stress-strain curves for a filament loaded with tail 
mass 10w and rapidly elongated at the head at velocity vp. 


where 


n’'=n+f 


f is the fraction of the filament 
concentrated at the tail. 

It is helpful to think of @ as time expressed in 
L/c units. Likewise, one can think of [e/eo] as 
strain expressed in €9 units. 


mass assumed 


eo and c here have 
only formal significance in order to put the solution 
in a form analogous to that obtained when wave 
propagation is considered. 


IV. Comparison of Wave Theory with Theory 
Neglecting Wave Propagation 


Plots of [¢/eo ] vs. 6 for values of n’ = 10, 10 1/2, 
and 11 are shown in Figure 4. Values of é/e9 have 
also been computed from the wave theory for 


the case nm = 10, using the formula: 


é/eo = vol — u(— L,t)/eoL 

= 0 — (c/Lup)u(— L,t) (6) 
These points are plotted as circles and are seen to 
10 1/2. This 
indicates that for a mass ratio of 10, the nonwave 
theory results agree most closely with those for the 
wave theory when half the mass of the filament is 
assumed concentrated at each end (f = 1/2). 


fit best to the curve drawn for n’ = 


AVERAGE STRAIN € FROM THEORY NEGLECTING 
WAVE MOTION (n'si0, 10%, 11) 

AVERAGE STRAIN FROM THEORY CONSIDERING 
WAVE MOTION (f=10) 


eit 
fs 10% 


n'=10 
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Fig. 4. Strain-time curve for filament loaded with tail 
mass 10w, according to the wave theory, and according to the 
theory neglecting wave propagatives. 
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According to the nonwave theory, the maximum 
average strain which can be obtained in a filament 
is given by: 





[e/€o |max = Vn +f = Vn + 1/2 (7) 


and this strain is obtained when 


Om = (c/L)t = (x/2)Vn + 1/2 


tm = (w/2)(L/c)Vn + 1/2 (8) 


This suggests that the maximum average strain 
é/e9 as computed by the wave theory is approxi- 


mately equal to Vm + 1/2 and occurs for a value 
of 0, approximately equal to (x/2)vn + 1/2. 
That this is a good approximation is demonstrated 
in Table I. 


According to the nonwave theory (Appendix II): 


log v, = — 1/2 log (n + 1/2) 


+ log V2 2 ade (9) 
0 


where v, is the lowest impact velocity to cause 
rupture in a filament to which a tail mass nw is 
attached. a is the tensile stress expressed as force 
divided by the cross-sectional area of the unstrained 
filament, and e¢, is the strain at which rupture 
occurs. 


If the values of ¢, and o are independent of the 


: , 2 re : 
rate of elongation, then log V2 f ode will be a 
P Jo 


constant and the plot of log v, vs. log (m + 1/2) 
will be a straight line of slope — 1/2.° 

When log (m + 1/2) is zero we have the extra- 
polated velocity: 


Vv, = V2 [ede 
p 0 


When Hooke’s law applies, we have 


(10) 


9) = 


v, = V(E pe” (11) 

5 At high rates of straining, the value of ¢, for an actual 
textile fiber is less than that obtained at conventional testing 
rates. Also, the slope of the stress-strain curve is greater 
at higher rates of straining. However, for rates of straining 
of the same order of magnitude, these changes are small and 
tend to cancel each other out. Consequently, the area under 
the stress-strain curve, or rupture energy density in the 
filament, should be essentially constant for rates of straining 
corresponding to impact velocities near the limiting breaking 
velocity. 
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TABLE I. Values of Maximum Average Strain and 
Position of Maximum Average Strain as Computed 
by the Wave Theory and by the Nonwave Theory 


Maximum Average Strain 


Wa ve 
Theory 


Position 





Wave & 
Theory 


Nonwave 
Theory 

: pane © e+ia 
n € Vn + 1/2 An 2" 1 
2 1.61 1.58 2.39 
5 2.39 2.34 3.59 


10 3.26 3.24 5.10 
25 5:13 5.05 7.90 


Nonwave 
Theory 





According to the wave theory vE/p is the velocity 
of propagation c of an elastic tension wave along 
the filament and thus: 


Up = CE, 


(12) 


the velocity just sufficient to cause immediate 
rupture at x = 0. 

We call this velocity, defined by equation (10), 
the limiting breaking velocity. The concept of a 
limiting breaking velocity has been discussed pre- 
viously [1 ]. 

As an example, consider a Hookean material for 
which ¢, = 0.12, and c = 2500 m/sec. 
equation (7) for the case of rupture we have 


From 
é- = egVn + 1/2 = (vn /c)Vn + 1/2 


Un = ce,/Vn + 1/2 (13) 


In Figure 5 are plotted values of v, computed 
from these assumed values of «, and c. The result 
is a straight line giving an extrapolated value of 
300 m/sec as the limiting breaking velocity. 

The breaking velocities have also been calculated 
on the basis of the more exact theory in which 
wave motion is considered and Hooke'’s law is as- 
sumed. Average strains are calculated from equa- 
tion (6), and the breaking velocities are then 
computed from the formula: 

Ce, 


—— ae 
". [é(n), my Se 

These results are also plotted in Figure 5. It is 
seen that these breaking velocities for a Hookean 
material of constant ¢, are lower (for small n’s) 
than those predicted by the nonwave theory. 

In actuality the strain at a given point along the 
filament does not change continuously with time 
but increases suddenly by an amount €9 when one 
of the strain pulses passes through the point. 


(14) 
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——. BREAKING VELOCITIES-NON-WAVE THEORY 
—--- V_ COMPUTED FROM WAVE THEORY BUT 


USING AVERAGE € 
--O-- Vq FOR HEAD BREAKS USING LOCAL € 
X  Vq FOR TAIL BREAKS USING LOCAL € 


LOG(N+%2) 


Fig. 5. Breaking velocities for a hypothetical specimen, as 
computed by the wave theory, and by the theory neglecting 
wave propagation. 


Rupture then occurs whenever the local strain 
exceeds the rupture strain. 

In Figure 6 are plotted local strains at the head, 
tail, and midpoint for a filament loaded with a 
tail mass 10w (n = 10). Note here that maximum 
strain occurs at the head on the third reflection 
(@ = 6). This corresponds to a lowest breaking 
velocity of 68.6 m/sec. 

Increases in the local strain always occur first 
upon reflection at either the head or the tail. 
Increases in the local strain at an intervening 
point occur later, but these strains never exceed 
the head or tail strains in magnitude. For this 
reason it is to be expected that a uniformly strong 
filament will break only at the ends. 

If the maximum values of local strains [€/€0 |max 
are substituted into equation (14), the lowest 
breaking velocities, v,, for head and tail breaks can 
be computed. These breaking velocities, also 
plotted in Figure 5, are seen to be the lowest of all. 

The curves of local strains vs. time for an actual 
material approximately the properties 
chosen for this example would not be as jagged as 
those shown in Figure 6 for an ideal Hookean 
material. Thus the velocities found experimentally 
for this actual material could be expected to lie 
between the bounds established in Figure 5 by the 


having 


curve of the velocities computed from average 
strains in the filament and the curve of velocities 
computed from the extreme local strains at the 
head or tail of the filament. The breaking veloci- 
ties computed by any of the methods considered 


. 
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Fig. 6. 


Local strain-time curves for a filament 
loaded with a tail mass 10w. 


are the same when n is greater than 50. It is 
thus possible, in this example, to determine a limit- 
ing breaking velocity by extrapolation of experi- 
mental data taken with m greater than 50, provided 
€- remains constant Hooke’s law applies. 
This criterion also applies provided the energy 
density at rupture for the material remains nearly 
constant at the impact velocities used for deter- 
mination of the limiting breaking velocity. 

In the example just considered, the breaking 
velocity for m = 50 is 42 m/sec. 
at this velocity strain pulse of 
«9 = 1.6%. This suggests a criterion applicable to 
any textile fiber for which the energy density at 
rupture remains nearly constant at high strain 
rates. For such a fiber a limiting breaking velocity 
may be found by extrapolation of experimental data 
taken such that all v,’s used are less than 0.02c, 
where c is the velocity of propagation of the tensile 
strain pulse along the sample for the material 
tested. 


and 


A tensile impact 
produces a 


V. Summary and Conclusions 


When the stress-strain characteristics of a textile 
fiber are measured at longitudinal impact rates 
exceeding 10 m/sec the effects of tension-wave 
propagation along the fiber must be considered. 
These initial and reflected waves cause the local 
strains to vary with time in a stepwise fashion. 
The average strain in the filament, which is the 
quantity measured experimentally, does not ade- 
quately represent the state of strain under these 





TABLE II. 
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Displacement Function 


UU + +uetust::- 
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Sr 


4 Z10 4 2107 
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5 fr 5 7’ 


conditions. Since stress measured is roughly pro- 
portional to the local strain at an end, experimental 
stress-time curves also vary in a stepwise fashion. 
The stress-strain curves likewise exhibit fluctuations. 

The Hookean material 
having a breaking elongation independent of test- 
ing speed has been calculated using a theory in 
which wave propagation is considered. 


tensile behavior of a 


The re- 
sults of these calculations have been used to modify 
the predictions of a simpler theory that neglects 
wave propagation. Thus, it has been shown that 
a filament weighted at the tail and pulled rapidly 
at the head at constant speed will attain a maxi- 
mum average elongation proportional to vn + 1/2 
after the been _ reflected 
(x/2)Vn + 1/2 times, where n is the ratio of the 
tail mass to the mass of the specimen. 


tension has 


wave 


If logarithms of the lowest breaking velocities 
for each n are plotted vs. log (m + 1/2), the theory 
neglecting wave propagation predicts that a straight 
line of slope — 1/2 is obtained, provided that the 
rupture-energy density is nearly constant at high 
testing speeds. An extrapolated velocity [for log 
(m + 1/2) equals zero] is thus obtained which is 
termed the limiting breaking velocity of the 
material, i.e., the velocity above which the sample 
will always rupture at the head immediately upon 
impact. Both theories predict the same breaking 
velocities, provided extrapolation is made from 
data taken at impact speeds less than 2% of the 
velocity of propagation of a tension wave pulse 
along the material. If this limitation is observed, 
the theory neglecting wave propagation is valid and 
extrapolation to the limiting breaking velocity 
may be made. 
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TABLE III. Velocity Function 


Ou Ou o Ou, OU2 


=votm+t+u+::-: 
ot at at at 


vo (for zo > 0) 


Vo — 2vge~(Hu!”) 
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— Io + 4u9 - 
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Appendix I: Wave Theory Solutions 


In Table II, uo gives the displacement due to the 
original incident wave proceeding towards the tail 
mass. After reflection at the tail, the displace- 
ment, “u, is computed from the sum of up and 1%, 
the displacement of the reflected wave. Similarly, 
after the first head reflection, displacement is com- 
puted from the sum of uo, “, and “2. Displace- 
ment due to each reflected wave is a function of a 
z-parameter which in turn is a function of x and ¢. 
Only positive values of these z-parameters are 
allowed. Negative values represent position-time 
events in advance of the wave, where u = 0. 


TABLE IV. Local Strain Functions 


ou OUy Ou, 


Ox Ox Ox 


= € + « + 


(for 20 > 0) 


+ Jee! 


+ Jee (22 


€9 + 100 ( 
€o + 100 ( 


Velocity functions obtained by differentiating 
the displacement functions with respect to time 
are tabulated in Table III. Local strain functions, 
obtained by differentiating the displacement func- 
tions with respect to the position coordinate along 
the filament, are given in Table IV. 

The method of obtaining these 
demonstrated in the following derivation for 1. 


solutions is 


The initial conditions that must be satisfied for 
the first reflection at the tail are: 


Atx =-L, : > ae 0, andz, = 0 


Displacement at the tail just before reflection 


=displacement at the tail just after reflection, or: 





uo(0) = uo(0) + u;(0) 
Hence 1,(0) = 0 


Velocity at the tail just before reflection = velocity 
at the tail just after reflection, or: 


0 = v(0) + 0(0) 
Hence v1 (0) = v0 (0) =— Vo. 


In addition, we have the boundary condition at 
x=-—L: 


nw (0d?) dt?) [U0 (Z0) +- U1 (21) Jeez 
= EA (d/dx)[uo(z0) + m1 (21) Jen 


or 


nw (07/00?) u, (21) 
= EA (u/c) + EA[(0/dx) uy (2) |r-—1 
or 
nw (d?/dz?)u, = EA(vo/c) — (EA/c)(d/dz)u, 


where z = t — (L/c) and A is the cross-sectional 
area of the unstrained filament. If we let 
tr = nwce/EA = npLc/E = n(L/c) we obtain: 


d?u;/d2? + (1/7) (du;/dz) = vo/r 


The solution of this equation that satisfies the 
initial conditions is: 


u, = volt — L/c) Se 2vor[1 ad e— lr) —Lie) | 


If we replace (t - L/c) bya = t — (2L/c) — (x/c) 
we obtain the required solution for 1. 


Appendix II: Theory, Neglecting 
Wave Propagation 
Consider a filament of length L, cross section A, 
and density p having a mass n’pAL attached at the 
tail, where n’ is equal to n + f; 7 is the ratio of the 
tail mass to the mass of the filament; and f is the 
fraction of the mass of the filament assumed con- 
centrated at the tail. It is shown in the body of 
this paper that the best value for f is 1/2. 
At zero time and subsequently, let the head end 
of the filament be constrained to move with 
velocity vp. The equation of motion is: 


n'pAL(d*u/dt?) = F (1) 


where u is the displacement of the tail mass, and F 
is the accelerating force transmitted through the 
filament to the tail mass. 

The strain in the filament ¢ is given by: 


€ = (vol — u)/L (2) 
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When Hooke’s law applies: 
F = AEe (3) 


where E is Young’s Modulus for the filament 
material. Substituting (2) and (3) into (1) we 
obtain: 
(d?u/dt*) + wo" = woot (4) 
where 
wo = (c/L)(1/n’) (5) 
and 
VE/p (6) 


A solution of (4) satisfying the boundary conditions 


c= 


du/at ‘ of memo 
u = volt — (1/wo) sin-wot | (7) 
If we let ¢ = (L/c)@, and €9 = vo/c, we obtain: 
u = eo [0 — Vn’ sin (6/Vn’) (8) 
= eoVn' sin (6/Vn’) (9) 


In a previous paper [1 ] the following equation was 
derived. 


(nm + 1/2)(m + 1/2) 
n+m+1 


a a> 
€ 


log v, = — 1/2 log 





+ log 4) f” oae (10) 


where v, is the lowest impact velocity sufficient to 
cause rupture in a filament to which a tail mass m 
times that of the filament and a head mass m times 
that of the filament are attached. 


For comparison 


with the work discussed here, we let 


obtaining: 


log vn = — 1/2 log (m + 1/2) 


+ log 4/2 f ode (11) 
P Jo 
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Applications of Thermodynamics to the Stretching 
of Cellulose Fibers’ 


W. E. Roseveare’? and Louise Poore 


Rayon Research Division, Textile Fibers Department, E. 1. du Pont de Nemours and Company, 
Richmond, Virginia 


Abstract 


Mechanical deformations of cellulose are recognized to take place primarily in the 
amorphous regions whose nature has not been well defined. Since these regions do not 
have a regular type of order, attention has been turned to entropy of stretching as a sta- 
tistical measure of the changes in structure on stretching. 

Data are presented giving the retractive force, coefficient of thermal expansion, and 
modulus under a wide variety of conditions. Thermodynamic treatment of the data 
shows that moisture content and temperature control the bonding between chains in the 
amorphous regions. These cross links to a large extent determine the mechanical prop- 
erties, which vary from an elastic glass in the dry state to those of a partially rubbery 
material in the wet state at high temperatures. At low temperatures in the wet state, 
the amorphous parts of the chains “precipitate” out of the swelling water and thereby 
form cross links between chains, which makes the modulus tend to approach infinity at 


the cellulose-water eutectic point. 


This work provides a better understanding of the relationship between molecular 


and fiber properties. 


Introduction 


The equation of state for a material under a tensile 
stress equal to the reversible retractive force, f, is 
given by the equation [1, 2, 7]: 


f = (@E/al)r — T(dS/al)r (1) 


where E, /, S, and T are the internal energy, length, 
entropy, and temperature, respectively. In its most 
general form equation (1) should be written with 
the enthalpy, H or E + PV, in place of the internal 
energy, E, as has been pointed out by Katz [2]. 
However, the change in the product of the pressure 
and the volume, PV, with length is so small for 
fibers at atmospheric pressure that it is ordinarily 
neglected, and £ is generally used in place of H. 
The two right-hand terms in. equation (1) cannot 
be determined directly for fibers, but the entropy 
term can be obtained readily with the aid of the fol- 
lowing equation [1, 7, 8]: 


1 Presented at the American Chemical Society Meeting, 
New York City, September 16, 1954. 

2 Present address, E. I. du Pont de Nemours and Co., 
Kinston, N. C. 


(0S/dl)r = — (Af/dT), (2) 


The energy term is then determined as the difference 
between the total force and the entropy term. Equa- 
tion (1) resolves the retractive force into energy and 
entropy components, as follows: 


f - fr + fs (3) 


These two components of the force have been re- 
ported for nylon and some protein fibers by Woods 
[8] and for cellulose fibers by Wakeham and Ger- 
row [6]. In the case of rubber, the energy com- 
ponent of the force is quite small because the inter- 
action between the chains is largely of the van der 
Waals _ type. cellulose very strong 
hydrogen bonding is present, making the energy 
component a very large part of the force under most 
conditions. 


However, in 


It follows from the property of differentials that 
the reversible force, length, and temperature are re- 
lated also in the following way : 


(0f/dT), = — l(df/al)r ; (al/dT); (4) 
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Substituting equation (3) in this one gives: 


(aS/al)r = : (al/aT), L(af/al)» 


or 


Entropy of Stretching 
= Coefficient of Expansion X Modulus (6) 


The above equations have been derived on the 
assumption that the variables f, /, and T fully define 
the state of the material at all times; i.e., the system 
is elastic so that the thermodynamics of reversible 
apply. However, it is well known that 
polymers show viscous as well as elastic effects. In 
order to eliminate or reduce time effects, thermo- 
dynamic measurements have been made on samples 
stabilized by a stress-relaxing treatment at high 
temperatures. During this stress relaxation the 
force decreases rapidly at first (Figure 1), but 
after some time the force becomes constant within 
the experimental error for any selected period, ft; 
to t. After this treatment, lowering and again 
raising the temperature in most cases gives retrac- 
tive forces independent of time and direction of 
change in temperature, provided the time of observa- 
tion is less than the period of time between ¢t, and 
tg and the temperature of stress relaxation is not 
exceeded. In the present work, a high degree of 
reversibility of the modulus measurement was ob- 
tained for most conditions by the very low exten- 
sion of 0.07% used in the modulus determination. 


processes 


Discussion 


Dry Rayons 


of the retractive 
force, length, and modulus at various temperatures 
in dry air were made on a single filament of stress- 
relaxed tire-cord rayon by the methods previously 
described by the authors [4]. Special precautions 
were used to insure very dry air by passing it first 
over Drierite and then over a large fresh surface of 
phosphoric anhydride on glass wool. 


Experimental determinations 


A low rate 
of air flow of 5 ml per minute was used to prevent 
cooling of the lower end of the sample by the in- 
coming air. Counterdiffusion of moisture from the 
atmosphere was made insignificant by attaching to 
the upper end of the apparatus a 2-in. length of 
5-mm rubber tubing through which the dry air 
escaped. Rapid cooling caused the air in the ap- 
paratus to contract and to draw some moist air in 


100% 
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TIME 


Fig. 1. 


Typical behavior of retractive force during 
stress relaxation. 


through the tube. To avoid this effect the rubber 
tube was pinched off on the suspension wire and a 
positive pressure of the dry air was maintained in 
the apparatus during cooling. 

The values of the modulus were determined by 
extending the sample 0.07% and determining the 
resulting change in retractive force after 15 sec and 
again after 5 min. The retractive forces and lengths 
were practically the same on raising the temperature 
as on lowering it and were time independent for pe- 
riods of 5 min to 1 hr. The moduli obtained on 
shortening the sample were found to be within ex- 
perimental error of those obtained on stretching the 
sample for the 15-sec period. This system was prac- 
tically elastic for this period of observation, but for 
longer periods of time the modulus was more time 
dependent. In a 5-min determination, the observed 
modulus on’stretching was less than the reversible 
value by 3% at 75°C and 10% at 125°C. 

Since this system is nearly elastic, the application 
of all of the above thermodynamic equations is justi- 
fied. The three terms of equation (4) are given by 
the three sets of experimental data plotted in Fig- 
ure 2. The retractive force is given in grams per 
denier and the modulus in grams per denier per 
extension; denier is the linear density or 
weight of 9000 m of dry fiber. According to equa- 
tion (3), the negative of the slope of the retractive 
force plotted against temperature in Figure 2a is 
the value of the entropy of stretching, while the 
slope of the length-temperature curve, Figure 2b, 
is the value of the coefficient of thermal expansion. 
The moduli for a 15-sec deformation, observed over 
a range of temperatures, are plotted in Figure 2c. 
The moduli at two temperatures were calculated 
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RETRACTIVE FORCE 


LENGTH (GM) 


MODULUS (G/D/100%) 


TEMPERATURE (°C) 


Fig. 2. Thermodynamic properties of a dry tire-cord rayon 
stretched 1% and. stress-relaxed for 4 hr at 150°C. 


from the slopes of the curves in Figures 2a and 2). 
These values are shown by the two solid circles in 
Figure 2c. The agreement with the directly deter- 
mined values shows that equation (4) holds within 
the error of reading the slopes from the length curve 
for this system for high and low temperatures. 
Substituting the retractive force and the entropy 
of stretching obtained from Figure 2a at 100°C into 
equation (1) gives f, fg, and fs equal to 0.49, 1.12, 
and — 0.63 g/den, respectively. The energy com- 
ponent of the force is much larger than the force, 
and the entropy component is negative, indicating 
that the latter actually tends to elongate the sample. 
This disordering entropy of stretching is essentially 
the same as that occurring in the normal thermal 
expansion of most solids, namely, an increase in 
the number of vibrational states activated. For dry 
rayon, whose retractive force is a linear function of 
the temperature, the energy component of the force 
is independent of the temperature. In a previous 
work, the authors [4] have shown that there is no 
significant reversible slippage of chains over each 


other in completely dry rayon because the entropy 
of stretching is independent of the supermolecular 
structure. 


Both this conclusion, the time independ- 
ence of the modulus, and the low breaking elonga- 
tion of about 4% support the view that short-period 


RETRACTIVE FORCE (x 10%) 


So 


5 LENSTH (CM) 


MODULUS (6/0/100 %) 


50 100 
TEMPERATURE (°G) 


Fig. 3. Thermodynamic properties of a wet tire-cord rayon 
stretched 5% and stress-relaxed 16 hr at 95°C. 


reversible deformations in dry rayons involve al- 
most entirely the very elastic deformations of valence 
bonds and angles. 


Wet Rayons 


A considerably different behavior is exhibited by 
wet tire-cord rayons. Figure 3 presents data giving 
the values of the three terms in equation (4) for a 
single filament of such a rayon in water after stretch- 
ing 5% and stress relaxing at 95°C for 16 hr. Un- 
der these conditions, the time the sample is at a 
given temperature in the range of 5 to 60 min has 
no apparent effect on the retractive force at constant 
length, but has a slight effect on the length at con- 
stant force. There is little effect of time on the 
modulus of the wet rayon above 50°C for a 0.07% 
extension, but below this temperature retarded ef- 
fects occur, giving considerably lower moduli for 
the longer period of deformation. Calculations of 
the modulus from equation (4), using the slopes of 
the curves in Figure 3a and b, give the values shown 
by the solid circles in Figure 3c. Above 50°C where 
the wet rayon is moderately elastic, the equation 
holds quite well, but below this temperature the 
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calculated modulus is considerably above the experi- 
mental value. This is in agreement with the poor 
work recovery of a wet rayon at low temperatures 
from a 3% stretch in a cycle involving over a min- 
ute duration; the reported [4] recoveries are 95% 
at 92°C and 35% at 3°C. 

The ordering on stretching, indicated by the posi- 
tive slope of the force-temperature curve above 50°C, 
suggests a rubberlike elasticity. However, in this 
range the modulus decreases slightly with tempera- 
ture and is not proportional to the absolute tempera- 
ture, as is the case for rubber; therefore, the mech- 
anism of stretching cannot be entirely rubberlike. It 
seems probable that the entropy of stretching above 
50°C arises to a considerable degree from an in- 
crease in the amount of bound water on stretching. 

Additional information about the low-temperature 
behavior of the modulus can be obtained by plotting 
the reciprocal of the modulus, or compliance, against 
the temperature. This treatment reduces the plots 
to sets of straight lines, as shown in Figure 4. 
Above 50°C, the modulus is nearly independert of 
temperature and time, as shown above, but below 
this temperature it drops sharply, giving straight- 
line relationships of 1/M against T. The tempera- 
ture at which the drop starts depends on the dura- 
tion of deformation; a twentyfold increase in time 
lowers the temperature of the break in the curve 
about 8°C. Extrapolating these two straight lines 
down to 1/M equal to zero gives the temperature at 
which the modulus would be infinite if the behavior 
giving straight-line segments continued at the lower 
temperatures. Since the two curves extrapolate to 
roughly the same temperature of — 19°C, this point 
is nearly time independent and therefore a thermo- 
dynamic property. This approximate convergence 
at low temperatures of the 1/M values for different 
times of observation was found also for several other 
tire-cord rayons in the range of — 12 to — 19°C. 
The extrapolated point is the temperature where a 
degree of freedom is frozen out, not because of a 
slow rate but because the degree of freedom does 
not exist thermodynamically below this temperature. 
Additional evidence for the thermodynamic nature 
of this point is the observation of Preston and Nim- 
kar [3], who found about the same temperature, 


— 19°C, for the eutectic point of a rayon-water sys- 


tem. This eutectic point was determined from the 
freezing point of the water in rayons at various 


moisture contents. 
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Mechanistically, the change of modulus with tem- 
perature can be explained in the following way. At 
high temperatures, the amorphous sections of the 
chains are highly solvated or “dissolved” in the wa- 
ter of swelling and have to a considerable extent 
rubberlike properties. This solvation of amorphous 
chains is to be expected since glucose is very soluble 
in water. Cooling partially desolvates the amor- 
phous material, resulting in the formation of cross 
links between the chains through the hydroxyl 
groups, either directly or through water molecules 
as a hydrate. Above 50°C, some of these cross 
links are present, but their life is too short to greatly 
affect the modulus in a 15-sec deformation ; lowering 
the temperature increases their life, and at about 
50°C they begin to affect the observed modulus. 
Below the break in the 1/M plots, the modulus de- 
pends on both the equilibrium number and life of 
the cross links; thus the modulus is dependent on 
both time and a thermodynamic property. As the 
temperature is further lowered, more and more cross 
links are formed (more amorphous material is pre- 
cipitated out) until the eutectic point is reached. 
Below this temperature only the pure dry cellulose 
or possibly a dry hydrate and ice phases exist. This 
dry amorphous cellulose is essentially a highly cross- 
linked polymer which is glassy in showing no re- 


5 MINUTE VALUE 


4 
3 


°) 


GOMPLIANCE (1 /MODULUS) 


50 100 
TEMPERATURE (°C) 


Fig. 4. Effect of temperature on reciprocal of modulus or 
compliance of wet rayon. 
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versible slippage of chains. Thus the degree of 
freedom frozen out on cooling down to the eutectic 
point is the freedom of the amorphous portions of 
the chains to slip over each other. Actually, the 
modulus infinite at the eutectic 
point since both glassy cellulose “and ice must have 
finite moduli. The 1/M value for dry cellulose at 
low temperatures, shown by the arrow in Figure 4, 
is So low that extrapolating to this 1/M value gives, 
within experimental error, the same point as extra- 
polating to 1/M equal to zero. 

In the case of highly crystalline, highly oriented 
rayons, such as Lilienfeld and Fiber G types, the 
compliance-temperature straight lines are parallel in 
the low-temperature range, and hence their exten- 
sions do not converge at 1/M equal to zero, as is the 
case for the tire-cord rayons. 


does not become 


Thus the extrapolated 
temperatures of infinite modulus for the brittle ray- 
ons are time dependent, and therefore these tem- 
peratures cannot be interpreted thermodynamically. 
Possibly data taken on a widely different time scale 
would give values near enough to equilibrium to 
have thermodynamic significance. 


Behavior of Rayon in Air 


A still different behavior is shown by rayon in 
air having a constant absolute-moisture content. 
The upper curve, Figure 5, illustrates the variation 


$ 


RETRACTIVE FORGE (G/D) 
w 


100 
TEMPERATURE (°C) 


Fig. 5. 


Effect of temperature on retractive force and modu- 
lus of rayon in air having 50% R.H. at 25°C. 
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of retractive force with temperature for a filament 
of rayon after stretching 1% and stress relaxing in 
air having a relative humidity of 50% at 25°C. At 
very high temperatures, the force-temperature curve 
is a straight line with the same slope as that shown 
for dry rayons at all temperatures. On cooling be- 
low 120°C, moisture begins to be adsorbed, and the 
deviation from the dry behavior gets larger as the 
temperature is further lowered. At temperatures 
below 120°C, time effects become significant, and a 
longer time is required to obtain a steady force. The 
retractive-force data in Figure 5 were obtained by 
allowing the sample to stand for $ hr at each tem- 
perature before reading the force. However, the 
curve obtained on cooling to low temperatures is not 
retraceable on raising the temperature. The hys- 
teresis below 120°C appears to arise from a lag in 
the change of structure associated with the adsorp- 
tion of water. Although the behavior is poorly re- 
versible when the rayon contains moisture, the large 
positive slope indicates qualitatively a negative en- 
tropy or ordering on stretching. 

The change in modulus with temperature for a 
0.07% extension under the above conditions in air 
is given by the lower curve in Figure 5. The modu- 
lus decreases with increase in temperature over the 
whole range, but at a lower rate below 95°C. The 
increased plasticization by the higher moisture con- 
tents accounts for the lower slope at the lower tem- 
peratures. Since modulus in air at constant abso- 
lute-moisture content has the opposite temperature 
coefficient from that of rubber, the ordering, as meas- 
ured by the entropy of stretching, must be largely 
of a type different from the ordering of the chains 
on stretching rubber. .Treloar [5] has reported that 
an increase in moisture content occurs in rayon on 
stretching. This adsorption of moisture decreases 
the freedom of the water molecules and will repre- 
sent an entropy decrease which should be large com- 
pared to any entropy effects arising from ordering 
of the chains. Therefore, it appears probable that 
the decrease in entropy on stretching a rayon in air 
is due primarily to the adsorption of water following 
a disordering of the chains. The increase in length 
of rayon with increasing moisture content is also in 
agreement with this observation. 

A rayon in atmospheric air between 0 and 100°C 
is similar to a wet rayon in that chain slippage oc- 
curs, but this slippage is small compared to that in 
the wet state, as indicated by a comparison of the 
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modulus at 50°C for the dry, room-air, and wet 
states of 208, 144, and 18 g per dry denier per 100% 
extension, respectively. These large differences rel- 
ative to the effects of temperature show that the 
water content is more important than the tempera- 
ture in determining the properties of a regenerated 
cellulose. 
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The Mechanism of Supercontraction in Keratin 
G. M. Jeffrey, J. Sikorski, and H. J. Woods 


Textile Physics Laboratory, Department of Textile Industries, The University, Leeds, England 


Deraitep studies of the group of phenomena 
usually referred to as “supercontraction” in keratin 
fibers [3] have led to the accumulation of a vast 
body of data in which there are many unexplained 
anomalies. The term supercontraction is commonly 
used to describe any shortening of the fiber to less 
than its original length; it is usually tacitly assumed 
that all such effects have a common molecular origin, 
although this is by no means evident on a priori 
grounds. In fact, it could reasonably be argued that 
the lack of correlation between the physicochemical 
conditions used for producing the effect, the extent 
of the contraction, and the crystallographic changes 
points to a diversity, if not in the fundamental causes, 
then in their secondary manifestations, at least. We 
shall here adopt the viewpoint that the contraction 
is due, in the end, to folding or disorientation of the 
chain molecules which originally had an oriented, 
but not crystalline, configuration [3]. The question 
with which we shall be chiefly concerned is whether 
the histological heterogeneity of the fiber structure 
has any influence on the contraction; as far as the 
grosser details of the structure are concerned it is 
fairly certain that the cellular texture itself has no 
profound effect, for it has always been found that 
the behavior of the isolated cortical cells is similar 
to that of the whole fiber in respect to their response 
We are thus 
led to consider the possibility that the intracellular 


to supercontracting treatments [20]. 


texture, on a scale coarser than the crystallographic, 
may influence the contraction. 

The cortical cells of keratin fibers may, by appro- 
priate treatments, be disintegrated to give fibrillar 
sheets [7] and ultimately microfibrils [5, 7]; the 
former, and possibly the latter, are cemented to- 
gether by an interfibrillar material whose properties 
are at present unknown [7]. 
fibrillar material appears to be so high, however, 
that it is reasonable to assume that it is there that 
the crystallographic changes studied by X-rays have 
their origin. 


The proportion of 


Whether this is so or not, it is relevant 
to enquire whether any observable changes in the 
fibrils themselves are brought about by contractions 
of the kind in question. Recently Mercer [11] has 
observed an effect in which bundles of twisted fibrils 
appear after fibers treated in a suitable reagent have 
been disintegrated to a fine enough condition for 
electron microscopy. On account of the twist, the 
fibrillar bundle must be shorter than it was orig- 
inally, and Mercer suggests this as a possible mech- 
anism of supercontraction capable of explaining also 
the loss of crystallite orientation and the decrease 
in birefringence which often accompany the contrac- 
tion. 
very attractive features, there are obvious arguments 


Although the proposed mechanism has such 


which can be advanced against it as a means of pro- 
ducing the observed contraction in intact fibers. 
However, the idea that fibrillar distortion of some 
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kind (e.g. flexure, such as has been suggested in 
connection with muscular contraction [6]) may ac- 
company contraction is one worthy of close exam- 
ination, 

We reexamined our electron- 
microscope results for the effects of various super- 
contraction techniques. 


have, therefore, 
Although our experiments 
are not comprehensive, we have included examples 
of most of the various crystallographic effects asso- 
ciated with supercontraction. 


Experimental 


The experiments were done with nonmedullated 
root ends of Australian merino, Cotswold, and Lin- 
coln wool fibers and with horsehair. These were 
cleaned by extraction in petroleum ether at room 
temperature for about a week, followed by Soxhlet 
extraction first in benzene and then in ethyl alcohol 
for 24 hr. The fibers were washed in repeated 
changes of distilled water to remove water-soluble 
impurities and then dried at room temperature. 

There are a number of methods by which super- 


contracted material suitable for electron-microscope 


examination can be prepared, each having its own 
advantages and disadvantages. For example, when 
fibers are subjected to a supercontracting treatment 
they are often so modified that enzymatic digestion 
is difficult to control [11, 20] ; in such circumstances 
it might be desirable to start with the cortical cells 
instead of intact fibers. On the other hand, certain 
treatments (e.g. relaxation of stretched material) are 
clearly impossible with the isolated cells. We have 
therefore done experiments of three types: (1) cor- 
tical cells were isolated from untreated fibers and 
were then subjected to the supercontraction treat- 
ment before being finally disintegrated; (2) the 
fibers were treated in such a way as to render them 
potentially contractile and were disintegrated into 
cells which were then made to contract by suitable 
treatment before being finally reduced to a fine 
enough state for examination in the electron micro- 
scope; and (3) the fibers themselves were subjected 
to the supercontraction treatment and were subse- 
quently disintegrated in various ways. 

In some cases the final disintegration could be 
brought about by grinding the material between mi- 
croscope slides in the presence of a swelling agent 
(formic acid) ; more usually, however, the material 
was subjected to ultrasonic vibrations (23 ke/s and 


15 w/cm?) in water or solutions of urea or lithium 


71 


bromide. When ultrasonics were used the time of 


irradiation ranged from 15 min to 2 hr. 


1. Experiments with Cortical Cells from 
W ool 


Virgin 


a. The effect of cuprammonium hydroxide. Cots- 
wold wool fibers were treated in a 0.5% solution of 
trypsin (buffered to pH 8.6) at 40°C for 1 wk; the 
wool:liquor ratio was 1:100. The 


cortical cells 


Fig. 1. Cotswold wool (cortical cell) supercontracted by 
36% in cuprammonium hydroxide solution. Magnification, 
x 25,000. 
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thus isolated were washed by sedimentation and were 
then treated in a solution of cuprammonium hydrox- 
ide containing 15 g of copper and 200 cc of ammonia 
per liter; after 3 hr they had contracted by about 
36%. 
ing the mean lengths of the cells before and after 
treatment; about 100 cells were measured in each 
case. 


The contraction was estimated by compar- 


The contracted cells, after having been washed 
in water, were ground between a microscope slide 
and a cover slip in water; this was found to be ef- 
fective in reducing them to layered sheets of micro- 
fibrils. No evidence was found of any serious de- 
formation of the microfibrils, which appeared to lie 
more or less parallel to each other in the sheets ( Fig- 
ure 1). The X-ray photograph of a control sample 
of fibers subjected to the above treatment without 
disintegration by grinding showed the features (dis- 
appearance of the a-photograph and appearance of 
a heavy central scattering) already reported else- 
where [19]. 

b. The effect of sodium bisulfite. Cortical cells 
isolated from Lincoln wool by tryptic digestion were 
treated for 1 hr in a boiling aqueous solution of so- 
dium bisulfite. The mean contraction of the cells 
was 24%; this is less than the 38% obtained with 
single fibers which were used as controls, but it 
is doubtful whether the discrepancy has any real 
significance. The X-ray photograph of the 
trol fibers showed the presence of completely 
oriented £-crystallites. 
were 


con- 
dis- 
The supercontracted cells 
beam at 75 kv 
proved to be very difficult to disintegrate 
fibrillar fragments. 


opaque to the electron and 
into 
Negligible fragmentation 
achieved even when the cells were subjected to 
ultrasonic vibrations in 100% lithium bromide solu- 


tion. 


was 


The negative result of this experiment serves 
to emphasize the fact that reduction of the disulfide 
sulfur by sodium bisulfite solutions at high tempera- 
tures is followed by recombination, which leaves the 
structure effectively crosslinked [17]. 

c. The effect of peracetic acid. The cells used 
for this experiment were isolated from Lincoln wool 
which had been treated for 5 min in 2% peracetic 


acid ; the effect of this treatment was, however, very 
slight, either in modifying the properties of the fibers 
or in reducing the lengths of the cells. 


The retting 
was done in 0.05% pepsin solution (pH 1.42) at 
40°C for 3 mo. 


ferred to a 2% solution of peracetic acid and treated 


The cells thus isolated were trans- 


therein for times ranging up to 24 hr at room tem- 
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perature; they were then washed in distilled water. 
The, X-ray photographs of control samples of ox- 
idized wool fibers showed that there was a progres- 


= ¢ 


Fig. 2. Lincoln wool (cortical cell) treated in peracetic 
acid and exposed to ultrasonic vibrations in lithium bromide 
solution; contraction, 10%. Magnification, 4,700. 
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Fig. 3. Lincoln wool (cortical cell), treated similarly to the sample of Figure 2; contraction, 40%. 


sive disorientation of the crystallites, which, how- 
ever, remained in the a-form even after treatment 
for 24 hr. When the duration of the oxidation 
treatment was longer than 1 hr the subsequent ef- 
fect of lithium bromide solution was to produce an 
almost completely disoriented a-structure. 

Preparations of cortical cells were examined after 
treatment in the peracetic acid for 30 min and 2 hr, 
these leading respectively to oxidations of about 45% 
and 75% of the disulfide linkages [1]. The milder 
treatment produced a supercontraction of about 10% 
and was ineffective in giving much _ fibrillation. 
After ultrasonic irradiation in lithium bromide solu- 
tion the cells had disintegrated into flat ribbons of 
parallel microfibrils; the thickness corresponded to 
the diameter of the individual microfibril. The sub- 
division of the major portion of a single cortical cell 
is shown in Figure 2. Although this picture is not 
typical of this particular preparation, it serves to 
show clearly that the microfibrils on the whole re- 
main untwisted. 

The cells which had been oxidized for 2 hr con- 
tracted by about 40% when subjected to ultrasonic 
vibrations in lithium bromide solution. Figure 3, 
which is a typical electron micrograph of this prep- 
aration, shows that the microfibrils remain nearly 
straight and parallel. The cleancut and smooth ap- 


pearance of the microfibrils resulting from these 


Magnification, 16,000. 


treatments is noteworthy; in contrast, fibers treated 
for 3 wk in peracetic acid can be broken down [16] 
to show a remarkable fibrillar structure, but, as can 
be seen from Figure 4, the microfibrils thus made 
evident are markedly “globular” in appearance. In 
this preparation several groups of regularly arranged 
isolated globules, possibly originating in the inter- 
fibrillar matrix, can also be seen. 


2. Experiments with Cells from Pretreated Wool 


a. Relaxation in sodium hydroxide solution. Lin- 
coln wool fibers were stretched to an extension of 
60% in water and relaxed for 15 min in a 1% aque- 
ous solution of sodium hydroxide at room tempera- 
ture. After washing in water they were retted in 
trypsin for 3 days to release the cortical cells [20]. 
The washed cells were then made to contract by 
putting them in boiling water for 1 hr; their mean 
contraction was about 42%. The X-ray photograph 
of fibers supercontracted by this method shows the 
presence of rather highly disoriented parallel-8 crys- 
tallites [19]. 

The cells were examined in the electron micro- 
before and after The former 


scope contraction. 


(which, by inference from the results for fibers, 


1 The term “parallel-f” is used here to refer to the normal 
B-configuration to distinguish it from the cross-8 configura- 
tion (See, for example, Rudall [15]). 





Fig. 4. Cotswold wool treated in peracetic acid for 3 wk. 


should give an X-ray photograph of the a-type, with 
slight disorientation [19]) showed signs of incipient 
disintegration of straight microfibrils into a very 
fine debris but otherwise showed little internal struc- 
ture, even after ultrasonic treatment in lithium bro- 
mide. The contracted cells showed little evidence 
of fibrillation although some were somewhat frayed 
at the ends and some fibrous fragments of cells were 
also present (Figure 5). Such details as could be 
seen clearly point to a straight and parallel con- 
figuration of the component fibrils. The effect of 


Time of 
Digestion 
(days) 


3 


Prepara- 


tion Sample 


TABLE I. 
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Magnification, 55,000. 


ultrasonic irradiation in lithium bromide solution on 
these supercontracted cells was dramatic, leading, 
as it did, to preparations similar to that shown in 
Figure 6, with sheets and ribbons of remarkably 
straight and parallel microfibrils. 

b. Reduction and ethylation. An attempt was 
made to repeat Mercer’s experiment [11], using, as 
Some Lin- 
coln wool fibers (2 g) were chopped into 5-mm 
lengths and treated at 40°C in 400 ce of a 5% solu- 
tion of sodium bisulfite to which was added 3 ml of 


nearly as possible, the same conditions. 


Length of the Cells (x) 


In In 
Pepsin Water Dry 
111 115 116 
112 113 
111 112 


After 
Boiling 


105 110 


110 
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ethyl bromide and sufficient sodium carbonate to 
bring the pH to 7. The treatment was carried out 
in a tightly stoppered flask. The treated wool gave 
a negative response to the nitroprusside test, in con- 
trast to the strong positive response given by wool 
which had been reduced under similar conditions but 
without ethylation. The X-ray photograph of the 
reduced and ethylated fibers was of the oriented 
a-type, but traces of the 8-pattern were also evident. 

The treated wool was digested in pepsin solution 
to give cells of about the same length as those from 


untreated fibers (ca 110). Little success resulted 


from attempts to induce contraction by boiling the 


cells in water; details of the observations are re- 


Fig. 5. Lincoln wool (corti- 
cal cell from fiber relaxed in 
sodium hydroxide solution) con- 
tracted by 42% in boiling wa- 
ter. Magnification, 27,000. 


Fig. 6. Lincoln wool, prepa- 
ration of Figure 5 subjected to 
ultrasonic vibrations in lithium 
bromide solution. Magnifica- 
tion, x 27.000. 


corded in Table I, where each length is the mean 
of 50 observations, the standard deviation being 
about 6, in each case. As might be expected 
under these conditions, the electron micrographs 


gx of the microfibrils; 


showed no widespread twisting - 


when any was apparent it occurred in isolated fibrils 
only. The negative results of this experiment might 
have been due to the use of Lincoln wool, for which 
the conditions might not have been the best for ob- 
taining the effects searched for. We therefore re- 
peated the experiment using Australian merino wool, 
but obtained results of the same general character as 
those described above. The fact that Mercer ob- 


served that the treated cells had contracted in length, 
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whereas ours did not, can only mean that there is a 
considerable variation in the response of different 
samples of wool to the reduction and ethylation treat- 
ment. This is supported by Mercer himself, who 
has told us (privately) that in cases where the initial 
treatment described by him is ineffective, he has been 
successful in producing both supercontraction and 
twisted fibrils by increasing the time and tempera- 
ture of the treatment. There is a faint possibility, 
which we do not regard very seriously, that the dis- 
crepancy may be associated with the bilateral asym- 
metry of merino wool fibers [8, 12], his attention 
being confined to the less resistant fraction and ours 
to the other. The only other way in which our ex- 
periments differed from his was in his use of a 
Waring Blendor for disintegrating the cells; this 
could have had a contributory effect in producing the 
twisted fibrils. 


3. Experiments with Supercontracted Fibers 

a. Contraction in urea bisulfite. Lincoln wool 
fibers were immersed in a saturated solution of urea 
with 5% sodium bisulfite, adjusted to pH 7 with 
solid sodium carbonate. After remaining in the 
solution at 40°C for 24 hr the fibers were washed 
and dried and were found to have contracted by 
about 35% of their initial length. The X-ray photo- 
graph of fibers thus treated is of the disoriented 
B-type |9], with orientation to the cross-8 config- 
uration on stretching [10]. The treated fibers could 
be disintegrated by gentle grinding in 98-100% 
formic acid and when then examined in the electron 
microscope showed that the microfibrils remained, 
on the whole, straight and parallel. 

b. Contraction in boiling formic acid. Horsehair 
fibers were treated in boiling 98-100% formic acid 
under reflux. After 3 hr they were washed, and it 
was found that they could be broken down by grind- 
ing in fresh formic acid to give preparations suitable 
The 
fibrillar structure was quite clearly shown, and the 
microfibrils remained straight. 


for examination in the electron microscope. 


The degree of con- 
traction realized in fibers subjected to this treatment 
was not very high, being of the order of 15% of the 
initial length [18]; the X-ray photograph was of 
the disoriented B-type, with rather diffuse reflec- 
tions. 
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Discussion 


Our results clearly indicate that in general we 
must reject the idea that any important deformation, 
apart from shortening, takes place in the microfibrils 
when the fibers are made to contract. Although the 
possibility of some moderate degree of bending of 
the microfibrils cannot be excluded, this cannot be 
large enough to account for contractions of the order 
of 40%, such as were obtained in some of our ex- 
periments. It is, of course, possible that when a 
group of microfibrils have become detached from the 
main bulk of the cortical cell internal stresses (pos- 
sibly associated with drying) may cause a twisting 
of the kind observed by Mercer [11]; and, in fact, 
whenever such an effect has been observed in these 
experiments the group of microfibrils had at least 
one free end. 

Since the fibrillar manifestation of supercontrac- 
tion is a shortening in length, it might be expected 
that corresponding changes would occur in fibrillar 
width and in any periodic structure apparent along 
the fibrils. Any examination of these possibilities 
will, however, necessitate much more detailed and 
precise experiments than those described here. In 
the absence of such data we can only speculate about 
the course of events inside the fibrils which lead to 
contraction. The ambiguous results of X-ray in- 
vestigations, which show that the crystallites in fibers 
supercontracted by various techniques may be in the 
a-, B-, or cross-8 forms, with varying degrees of 
imperfection ranging down to that which results in 
no crystalline ‘reflections at all and with varying de- 
grees of crystallite disorientation, are usually taken 
to mean that the prime contractile agency resides 
in the material which is too poorly organized in 
the normal fiber to give discrete X-ray reflections. 
There is no difficulty in accepting the idea that such 
material does occur in the microfibrils. What may 
be a difficulty is their restricted width, which does 
not allow overmuch room for an arrangement of 
crystalline and noncrystalline material in parallel— 
a type of structure which appears to be necessary if 
the phenomena of crystallite disorientation are to 
be explained. 

This difficulty, if difficulty it is, could be overcome 
by invoking the idea that the interfibrillar matrix is 
itself contractile, in this respect constituting part of 
the “parallel” material and reducing the degree of 
contractibility which it would be necessary to ascribe 
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to the microfibrils. It should be noted, however, that 
the idea of a contractile matrix implies some degree 
of molecular orientation in its constitution, so that it 
would not have the completely amorphous character 
suggested by Mercer and Rees [13]. At the same 
time, there is no necessity to suppose that it is as 
well oriented as the fibrillar material, and we may, 
perhaps, reconcile the ideas put forward here with 
those of Mercer and Rees by supposing that the 
matrix is only imperfectly oriented molecularly and 
therefore of somewhat limited potential contractibil- 
ity. It would then be possible to ascribe contrac- 
tions of the order of 20%, when unaccompanied by 
any profound changes in crystalline configuration, 
as being due to the matrix, whose contraction would 
tend to be restricted by the fibrils by virtue of inter- 
component interactions. On the other hand, cir- 
cumstances could arise in which the microfibrils have 
been so severely modified by the treatment that they 
become contractile themselves to an even greater 
extent than is the matrix. In these circumstances 
the latter, having contracted to its maximum extent 
by chain disorientation, would tend to exert a re- 
strictive action on any further fibrillar contraction. 

In a scheme of this sort it seems clear that super- 
contraction effects might depend to an important 
extent on linkages between the microfibrils and the 
interfibrillar material and that if such linkages exist 
contraction might be facilitated if they are broken. 
In this connection it is relevant to note that in our 
experience treatments which are effective in leaving 
the fibers in a condition where well-marked fibrilla- 
tion can be brought about are very often also effec- 
tive in inducing supercontraction, actual or poten- 
tial. 
necessity, imply the breakdown of any linkages of 


The separation of the microfibrils would, of 


the type considered. 

With reference to the structure of the interfibril- 
lar material there are two points to note. Very 
often, when distinct microfibrils can be seen in the 
electron micrographs, there also appears to be a 
filmy seemingly structureless material overlying 
them ; more frequently, however, the sheets of micro- 
fibrils seem to have some sort of globular remains 
(similar to the material observed by Farrant, Rees, 
and Mercer [5]) scattered over them,,and some- 
times traces of regularity appear in the arrangement 
of these globules. This suggests that the matrix may 


consist, at least in part, of an orderly arrangement of 
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globular material ; if this is, in fact, the case it would 
seem that the globular matrix must be located be- 
tween the sheets of microfibrils rather than between 
the microfibrils in the sheets, since no clear evidence 
has been found for interfibrillar globules in the 
sheets. The idea of an orderly globular matrix 
would, if accepted, lead to an alternative possible 
explanation of the “high period” X-ray reflections 
[4, 14]; it could thus give a histological interpreta- 
tion of Astbury’s idea of the existence of an “actin- 
like” component in keratin [2]. 


Summary 


Examination in the electron microscope of keratin 
supercontracted by various techniques shows that no 
important deformation, other than shortening, occurs 
in the microfibrils. The supercontraction phenom- 
ena may depend on interactions between the micro- 
fibrils and an interfibrillar matrix, each component 
The 


possibility that the matrix located between micro- 


being contractile under suitable conditions. 


fibrillar sheets has an orderly globular configuration 
is suggested, 
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Experimental Study of the Viscoelastic Properties 
of Textile Fibers 


Dynamic Measurements from Subsonic to Supersonic Frequencies 
K. Fujino, H. Kawai, and T. Horino' 


Abstract 


The viscoelastic properties of some commercial textile fibers were measured by 
means of several longitudinal-vibration methods over a range of frequency from 2 X 10°? 
to 2 X 10° cps at 20°C, 65% R.H., under a static tension of 0.4 g/den and a dynamic 
strain of less than 0.1%. 

In the above experiments, the ‘nonlinear characteristics of vibrational properties 
were negligibly small, and the experimental results were described by the complex dy- 
namic modulus function E*(») on the assumption that the Boltzmann superposition 
principle was valid. 

Generally speaking, for all the textile fibers tested the real part of the complex dy- 
namic modulus was found to be flat over this frequency range except there was some 
increase in the supersonic range. The imaginary part of the complex dynamic modulus, 
on the other hand, seemed to increase at both ends of the frequency range covered. 

It was concluded from our experimental results that for any textile fiber there is 
not so anomalous a dispersion as that of various rubberlike materials found in the same 
frequency range. 

Furthermore, according to the method of representation by a continuous distribution 
of relaxation times, the shape of the so‘called “relaxation spectrum” of any textile fiber 
was found to be fairly flat over the relaxation-time range from 1 xX 10-® to 1 X 10° sec. 
With the exception of slight increases at both ends of this relaxation-time range the 
spectrum can be represented by the so-called “box distribution.” This is very differ- 
ent from the spectra of rubberlike materials over the same relaxation-time range. 





Introduction [14, 25, 43]. As is well known, assuming a me- 
chanical model of the generalized Maxwell or Voigt 


For linear viscoelastic substances, the mechanical ‘ , ; : ; 
type in which the relaxation times 7; or retardation 


behavior is fully described by any one of the follow- 
ing phenomenological functions, namely, the stress- 
relaxation function ¥ (t), the creep function ® (ft), 
the complex dynamic modulus function E*(w), and 
the complex dynamic compliance function J*() 


' Department of Textile Chemistry, Faculty of Engineer- 
ing, Kyoto University, Kyoto, Japan. 


times A; are continuously distributed from zero to 
infinity, the above-mentioned phenomenological func- 
tions are represented by the following respective 
mathematical expressions [1, 14, 25, 42] : 


H(t) = ,3 E(r)e-!!* dr (1) 
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A<Ai<A+dA 


where 


and 


where E; and J; are partial modulus and partial com- 
pliance which correspond to 7; and A; in the general- 
ized Maxwell and Voigt models respectively. 

The functions E(r) and J(A), which are defined 
by equations (3) and (6) and which are related by 


the above-mentioned integral equations with the phe- 
nomenological functions, are generally called the “‘re- 
laxation spectrum” and the “retardation spectrum,” 
or sometimes the distribution function of relaxation 
times and that of retardation times, respectively. 
But this latter terminology might seem unsuitable 
because, as defined by equations (3) and (6), they 
are not the distribution functions in the usual sense 
and express directly neither the distribution density 
of relaxation times nor that of retardation times. 
These new functions, nevertheless, have many ad- 
vantages over the phenomenological functions not 
only in the description of viscoelastic behavior of 
materials but also in the consideration of correlation 
between the mechanical behavior and its molecular 
significance. Namely, once any one of these spectra 
is determined, all other phenomenological functions 
and quantities, such as the relaxation function, the 
creep function, the steady-flow viscosity, and the in- 
stantaneous elasticity can be predicted [1, 2, 16, 23, 


46]. 


resented by a mechanical model consisting of springs 


Furthermore, these spectra can easily be rep- 


and dashpots and are also represented as a function 
of relaxation time or of retardation time, which can 
be considered as an “internal time scale,” character- 
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istic of the relaxation or of the retardation of the 
internal structural elements. 

The determination of the spectrum from one of 
these phenomenological functions is just the solution 
of these integral equations which are formally Fred- 
holm’s linear integral equations of the first kind. 
This had been performed rigorously by Gross |14, 
15] and by Gross and Pelzer [17], using inverted 
Laplace transformations. But this can only be done 
when a phenomenological function is given as an 
analytical function, which never occurs in practice, 
and methods 
adopted to determine the spectrum. 


sO some approximate are usually 

In the present paper, the relaxation spectra of 
several commercial textile fibers, which are typical 
high-polymeric solids, are determined by means of 
the so-called “zeroth order approximation method” 
from the imaginary part of the complex dynamic 
modulus obtained from several longitudinal-vibration 
experiments over a relatively wide frequency range, 
and then they are compared with those of several 
rubberlike materials reported by other authors. 

At present, there is no definite foundation by 
which the spectra can be explained in terms of the 
molecular structure, while the spectra have many ad- 
vantages over the phenomenological functions, as 
mentioned above. To enable us to progress and to 
understand the relation between molecular structure 
and mechanical behavior, it is absolutely necessary 
not only to develop the molecular theories of visco- 
elastic behavior, which have been recently proposed 
again, although these may be still crude, by some 
authors [5, 37, 41, 49], but also to accumulate ex- 
perimental results on several typical high polymers 
under a wide range of conditions where the distinc- 
tions of molecular structure may be represented. 


General, Procedure 


In all the experiments, the vibrational strain was 
always limited to pure longitudinal mode only and 
was kept smaller than 0.2% to simplify the mathe- 
matical description of results. But it is well known 
that on account of the special shape of textile fibers ; 
that is to say, the length of a specimen is very great 
compared to its cross-sectional dimension, compres- 
sional deformation is not realizable. Consequently, 
in order to avoid this drawback, as in several indi- 
vidual experimental procedures mentioned subse- 
quently, the initial static strain should always be 


kept larger than the vibrational strain by application 
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of a definite static load upon the sample strips. But, 
strictly speaking, this initial static condition depends 
upon the actual construction of the individual ap- 
paratus and upon the procedures for using it. For 
example, the sample strip must be fixed in length 
during the experiment with one apparatus, and hence 
the initial definite static tension would be relaxed 
gradually. On the other hand, a constant tension is 
used with another apparatus, and so the static creep 
caused by the static tension is unavoidable. In other 
words, the former is a vibrational experiment under 
stress relaxation and the latter is one under creep 
of strain. 

The magnitude of the dynamic-strain amplitude 
itself was always kept smaller than 0.2%, as men- 
tioned above, but the actual magnitude varied in the 


H\ 


HV 
a 


ts 
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Fig. 1. Apparatus used in the subsonic frequency range. 
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opposite direction to the frequency range of the ap- 
paratus, 

As mentioned in the introduction, to determine 
the relaxation spectrum from dynamic measure- 
ments, it is necessary to describe the experimental 
results by the complex dynamic modulus E*() as 
a function of angular frequency » over as wide a 
range as possible. For linear viscoelastic substances, 
the complex dynamic modulus is defined by the ratio 
of complex amplitude of sinusoidal stress to that of 
strain. If the mechanical behavior under a given 
angular frequency » is described by a single retarded 
elastic model, that is to say, a single Voigt element, 


the following simple mathematical relations can 
easily be obtained: 

E\(w) = E 

Es(w) = kw (7) 


and 
tan 6(w) = Ho(w)/E;(w) 


where £,() and Eo(o) are the real and imaginary 
parts of the complex dynamic modulus; FE and é, the 


‘tensile modulus of elasticity and the coefficient of 


normal viscosity, respectively, in a single Voigt ele- 
ment; and tan 8 the so-called mechanical-loss tangent 
in which 8 is the phase difference between stress and 
strain amplitudes. 

Our experimental objective was to determine 
E,() and E2() as a function of applied angular 
frequency over as wide a range as possible by means 
The the- 
ory of each type of measurement given subsequently 
has been derived on the assumption that the material 


of several suitable experimental methods. 


Y.E.W. electro-magnetic 


-—s 


oscillograph 


Galvanometer Plane mirror 


Optical Film drum Driving 
box motor 


_Torsion pendulum type 
damping tester 


Fig. 2. Arrangement of the same apparatus. 
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under test behaved like a single Voigt element. The 
experimental results showed in fact that E,() and 
E2(m)/o were not independent of frequency, as was 
assumed, However, it can be shown that even when 
the viscoelastic properties must be represented by a 
spectrum the above assumption does in fact lead to 
the correct values of E;(w) and Es(w) [28]. 

By reason that the deformation of the sample strip 
was of a simple tensile mode and that the dimensions 
of a single textile fiber were too small for accurate 
experimentation, the sample strips, except in the case 
of raw silk, were always prepared as a bundle of 
single fibers by untwisting ordinary commercial mul- 
tiple-filaments yarn of about 100 den. Sample strips 
were preconditioned under standard air conditions, 
20°C, 65% R.H., for several days, and the experi- 
ments were also carried out under these same air 
conditions. 


Apparatus and Experimental Procedures 


In order to obtain the relaxation spectrum, it is 
necessary to carry out the vibration experiment over 
as wide as possible a range of frequency. A single 
apparatus, however, is not available for such a wide- 
range experiment; several types of apparatus were 
constructed, and they offered in these experiments 
a range of frequency from 2 x 10° to 2 X 10° eps. 


1. Apparatus Employed in the Subsonic Range 


The measurements over this frequency range were 


———-= Displacement on film (cm) 
0 


o 








*uoTaBTTTosO JO eT#uy=———— 





























O17 a2 
——— Dynamic max. strain of sample (%) 
1: 10.0cm, a: 0.60cm 


Fig. 3. Calibration diagram for the same apparatus. 
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carried out by means of the free damping vibration 
method, and the frequency range could cover from 
2 x 10° to 2 xX 10° eps. 

The drawing of the construction of the apparatus 
employed is shown in Figure 1, where D is a circu- 
lar disc which has a known moment of inertia re- 
ferred to its rotational axis. The circular disc is 
also fixed tightly by two chucks, A’s, to a piece of 
piano wire, F, which is vertically stretched by an 
adjustable screw / between two chucks, As, of 
which the bottom one is fixed to the foundation and 
the upper one to the upper platform through the 
adjustable screw 7. B’s are sample strips which are 
horizontally stretched by a definite dead weight, H, 
through the idler pulleys, £’s, and which are fixed 
at each end and at the center of their effective length 
by the sample clamps, C’s, to the foundations and to 
the circular disc respectively. G is a small plane 
mirror cemented on the circular disc. Consequently, 
this forms a combined oscillation system in which 
the torsional oscillation system, consisting of a cir- 
cular disc and a piano wire, is restrained by tensile 
alternating deformation of parallel sample strips. 
This is similar in principle to that adopted by Kunzle 
[24], Nielsen [30], Schmieder et al. [38], and Hey- 
boer et al. [18] for torsional experiments. 

Figure 2 is a schematic diagram showing the gen- 
eral arrangement of the apparatus. The torsional 
free-damping oscillation of the circular disc is started 
by a mechanical exciter from a definite angular dis- 
placement. This oscillation is recorded together 
with a time signal generated from the tuning fork 
on the film drum by the aid of an optical system 
consisting of the two plane mirrors and the optical 
box of a Y.E.W. N-3 type electromagnetic oscillo- 
graph, as illustrated in Figure 2. 

Figure 3 shows the calibration diagrams of the 
angle of oscillation of the circular disc against the 
displacement of spot on the film drum and the longi- 
tudinal-strain amplitude of the sample strip under 
the actual procedures. As illustrated in this figure, 
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Fig. 4. Record obtained from the same apparatus. 
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good linear relations between them are obtained 
when the oscillation angle is kept smaller than 2°, 
which always corresponds to the starting angle of 
oscillation of the circular disc under actual condi- 
tions. 

Figure 4 is one of the typical records obtained by 
this apparatus. On analyzing the amplitude depend- 
ences both of the logarithmic decrement of the ampli- 
tude and of the period of oscillation, it is found that 
there are hardly any striking amplitude dependences 
in them with the exception of slight decrease of log- 
arithmic decrement with decreasing amplitude; this 
is, however, somewhat marked in regenerated cellu- 
lose fibers. 

Then, considering the nonlinear effects, the fun- 
damental equation of angular motion of the system 
referring to the axis of rotation may be given as 
follows : 


ad + Bf (6,6) + y@ = 0 (8)' 


In an approximate representation by which the 
damped oscillation just mentioned is reduced to a 
linear one with neglect of nonlinear effects, equa- 
tion (8) may be written as follows: 

ai + 66+ 70 =0 (8’) 
where @ is the angular displacement of the circular 
disc at time t; @ is the effective moment of inertia 
of the system referred to the axis of rotation and is 
approximately equivalent to that of the circular disc ; 
B is the coefficient of nonrestored torque which is 
proportional to the angular velocity and which may 
be due to internal friction of the sample strips and 
of the piano wire as well as to air friction resulting 
from the rotation. It is possible to make the latter 
two frictional effects negligibly small by tlie suitable 
choice of the material, of the conditions for support- 
ing the piano wire, and of the shape of the rotating 


2 One of concrete forms of the equation may be represented 
as follows [11]: 


(8”) 


o + DD BO)" 0/4 + DT yola\* = 0 
k 


ss 7 


where §;; and y, are the coefficients of a nonrestored torque 
and of a restored one respectively; and p;, qj, and rx are con- 
stants and are assumed, for convenience’s sake, to be integers 
where p; + 1, gjandr,; + 1 2 0. 

In a first-order approximation in which the second and 
third terms on the left-hand side of equation (8’’) are limited 
by one term and in which ~;, gq: and 7; are equalized to 0, the 
equation is identical to equation (8’). 
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parts of the apparatus which give rise to air friction. 
The parameter y is the coefficient of restored torque, 
which is proportional to angular displacement and 
which arises from the linear elastic properties of the 
piano wire and the sample strips. 

Since the angular displacement @ is always kept 
very small, equation (8') may be rewritten as fol- 
lows by substituting the actual dimensions of the 
apparatus and the sample strips: 


16 + (€(4S/l)a*)6 + (E(4S/l)a? + 6)@=0 (9) 


where E is the tensile modulus of elasticity of the 
sample strip; €, its coefficient of normal viscosity ; 
l, its effective length between the clamps; s, its ef- 
fective cross-sectional area; 7, the moment of inertia 
of the circular disc referring to its axis; a, the dis- 
tance between the rotational axis and the sample 
clamp; and b, the torsional constant of the piano 
wire. 

From the solution of equation (9) under the 
condition of free damped oscillation, the following 
mathematical expressions for E and € can easily be 
obtained : 

E = 1I/Sa?{x? + (In A)?/T? — x?/Ty?} (10) 
and 
§ = 1I/Sa? |n A/T (10’) 
where T and T> are oscillating periods of the system 
containing the sample strips and that of the system 
not containing them, respectively; and In A is the 
logarithmic decrement of the amplitude in damped 
oscillation. Thus the two mechanical parameters, 
E and &€, can be determined from the measurable 
quantities 7, To, and In A. 

As mentioned previously, equations (10) and 
(10’) give correctly the values of E,;() and 
E(w) /o when these are functions of frequency. 

As to the practical procedures in this experiment, 
the maximum angular displacement of the circular 
disc was always kept at 2°; this was equivalent to 
about 0.2% longitudinal dynamic strain of the sam- 
ple strip; the initial static tension of the sample 
strip was always kept at a definite value, about 0.4 
g/den, by applying a dead weight to the sample 
strip; and changing of the angular frequency of the 
system was carried out by changing the moment of 
inertia of the circular disc from 3 x 10° to 3 x 10° 
cgs or by changing the diameter of piano wire from 
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0.3 to 1.5 mm, instead of changing the shape factor 
of the sample strip. 


2. Apparatus Employed in the Low-Audio Range 


In order to extend the frequency range of the ex- 
periment, the forced longitudinal-vibration method 
was adopted, and thus the frequency range could be 
increased up to about 5 x 10* eps. 

Because the apparatus and the principle employed 
here are essentially the same as that which had been 
adopted by Gehman et al. for various gum stocks 
[13], by Lyons et al. for the strips of textiles in the 
so-called “‘stretch vibrometer’”’ [27], by Dunell et al. 
for a single filament [6], and by Palandri for various 
tire cords [36], it may be unnecessary to describe 
the details with the exception of some modifications. 

Figure 5 is the schematic diagram of the apparatus 
and Figure 6 is the drawing of its driving part re- 
built from a loud-speaker unit, where the A’s rep- 
resent sample strips stretched by a definite dead 
weight, D, through the idler pulleys, C’s. The sam- 
ple strips are also connected to both the ends of a 
horizontally movable light spindle, F, and they can 


Diagram of apparatus used in the low audio 
frequency range. 








Fig. 6. Driving part of the same apparatus. 
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be clamped at any point along their length by means 
of the movable clamps, B’s. H is a removable mass 
loading the whole vibrator unit from about 8 to 50 
g. £ is a solenoid coil cemented on the spindle, F, 
and is located in the radial magnetic field which 
traverses an annular space between both poles of a 
magnetic core, J, and L is the exciting coil of this 
magnetic core. A horizontal movable spindle, F, 
is hung at each end and aligned by the aid of fine 
nylon threads of about 15 den, which are radially 
stretched by the adjustable screws, A’s, mounted on 
the ring, J. 

When direct and alternating currents are imposed 
on the exciting coil, L, and the driving coil, E, re- 
spectively, the longitudinal forced vibration of the 
system is excited. 

Figure 7 shows the general arrangement of the 
whole apparatus. The above-mentioned vibrating 
system is built onto a lathe bed and is located across 
the optical system which measures the amplitude of 
vibration of the spindle by means of a photoelectric 
method. Since the driving of spindle, F, is effected 
by supplying the alternating current from the audio- 
frequency power amplifier to the solenoid coil, the 
amplitude of this driving force can be determined by 
measuring the current through this coil, namely, by 
measuring the voltage difference between the ends 
of a pure resistance coupled in series with the sole- 
noid coil. 

Figure 8 is the calibration diagram to determine 
the actual amplitudes of the driving force and of 
the displacement of the vibrating spindle from read- 
ings of the vacuum-tube voltmeter by means of the 
double-pole double-throw switch; the latter ampli- 
tude must be divided by the frequency characteristic 
factor of the phototube amplifier shown in Figure 9. 


Audio freq. 
oseilletor 
20-8000 : - 


C.p-8 " Oseillo- 


Vibrating mass 
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2-position 
Sviteh 

















——» Maz. amplitude of driving force, F (dayne) 


——= Mex. amplitude, Amax (1/10 um) 


——= Reading of V.7.V.M. in volt 


Fig. 8. Calibration diagram for the same apparatus. 


The slit arranged before the phototube, as illus- 
trated in Figure 7, can be revolved from its normal 
vertical position to a horizontal one to examine a 
vibration pattern of the spindle. 

The mechanical behavior of the sample strips un- 
der a small harmonic driving strain may well be 
represented by a single Voigt element. Again, 
when the amplitude of the vibrator itself is kept 
relatively small, there is hardly any noticeable non- 


linear behavior. Hence the fundamental equation 


of motion of the vibrator under a harmonic driving 
force, F sin wt, can be approximated as follows: 


ax + Bx + yx = Fsin oat (11) 


where x is displacement of the vibrator at time ¢; 
a is the effective mass of the vibrating system; B 
is the coefficient of nonrestored force proportional 
to the velocity of the vibrator; and y is the coeffi- 
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Fig. 9. Phototube amplifier of the same apparatus. 
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cient of restored force proportional to the displace- 
ment of the vibrator. 

By substituting the resonance conditions of the 
system into the steady-state solution of equation 
(11), the final mathematical relations between two 
coefficients, 8 and y, and measurable quantities are 
obtained under some adequate assumptions as fol- 
lows : 


y = Ma? (12) 
and 
B= F/(Amax (13) 
or 
y = Mu? (12’) 
and 


B =F (A max‘ w) (13’) 


Equations (12) and (13) are for a frequency-tuning 
experiment and equations (12’) and (13’) for a 
mass-tuning one. Amax in equations (13) and (13’) 
is the maximum amplitude of the vibrator at reso- 
nance ; we, the resonance angular frequency in a con- 
stant mass experiment; and My the resonance mass 
in a constant angular-frequency experiment. 

Now, as already mentioned by Dunell et al. [6], 
the effective mass of the system is not merely equiv- 
alent to the algebraic sum of the masses of the sys- 
tem but to the sum of mass of the vibrator itself and 
the effective mass of the appendages. But the mass 
of the appendages is very small in comparison with 
that of the vibrator, and, therefore, the effective mass 
of the whole system may be approximately taken as 
equal to that of the vibrator itself. 

The two coefficients, 8 and y, appear to be com- 
posed of contributions not only from the sample strip 
here represented by a single Voigt element but also 
from the appendages, particularly the spindle sus- 
pensions at each end. But, strictly speaking, it is 
very doubtful that the latter contribution can be rep- 
resented only by a simple mathematical representa- 
tion such as equation (11) without nonlinear terms. 
Nevertheless, the fact that no noticeable nonlinear 
effects can be found in the vibration pattern of the 
system may be merely ascribed to the small magni- 
tude of the vibration amplitude itself. 

Some experimental evaluation concerning the re- 
stored and nonrestored forces caused by the ap- 
pendages showed that these forces are negligibly 
small compared to those caused by the sample strip. 
Hence equations (12) and (13) may be rewritten 
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as follows by assuming 8 and y to be equivalent to 
the coefficients of the sample strip: 

2SE/l = Ma’ (12’’) 
and 


2S¢/l = F/(Amax* wo) (13’’) 


Thus, the two mechanical parameters, E and é, 
can be determined from the measurable quantities, 
vo, F, and Amax, at the resonance of the system. 
It seems necessary, however, to check the validity 


of neglecting nonlinear forces caused by the suspen- 
sions, especially in the experiments at relatively large 
vibration amplitudes. 

In practice, the experimental conditions were as in 
the previous apparatus; namely, the longitudinal dy- 
namic strain and the initial static tension were al- 
ways kept at definite values, 0.1% and about 0.4 
g/den respectively, and the experimental frequency, 
that is to say, a resonance frequency of the system, 
was changed by altering the effective mass of the 
system from 8 to 50 g and by changing either the 
length of the strips from 5 to 25 cm or the number 
of strips from one to several. Thus, the frequency 
range could cover from 5 x 10 to 5 X 10° eps. 


3. Apparatus Employed in the Frequency Range 
from Higher Audio to Supersonic 


3y means of the longitudinal forced vibration 
method just mentioned, it was in practice difficult 
to experiment at higher frequencies than several 
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Fig. 10. Arrangement of the apparatus used in the 
frequency range from high audio to supersonic. 
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hundred cycles per second on account of the various 
restrictions concerning the effective mass of the sys- 
tem, the shape factor of sample strips, and some dis- 
turbances of vibration. It was then necessary once 
again to change the experimental method to reach a 
higher frequency range. 

The experimental frequency range was expanded 
by means of the longitudinal wave resonance method 
mainly in the higher-audio frequency range and by 
means of the longitudinal wave propagation method 
mainly in the supersonic range, respectively; con- 
sequently the frequency range could cover from 
2 x 10° to 2 X 10° eps. 

Although the principles employed here are essen- 
tially the same as those mentioned by Nolle [33] in 
1948, the apparatus is of a vertical type similar to 
that used by Kawai and Tokita [22, 47] and differ- 
ent from the horizontal one used by Ballou and Sil- 
verman et al. [3, 4, 19, 20, 32, 33, 48] since 1944 
for the propagation method. The conventional one 
has an unavoidable defect that a contact condition 
between sample strip and wave detector is hardly 
kept constant during observation and consequently 
high accuracy of determination of attenuation con- 
stant is not expected. 

Figure 10 is the general arrangement of appa- 
ratus, where CR.1 and CR.2 are the driving and 
receiving crystals respectively, which are cut out 
from a single crystal of Rochelle salt to be available 
for longitudinal-vibration experiments. The sample 
strip is connected at one end to the driving crystal 
and at the other to the vertically movable vernier 
scale, which is used for changing the effective length 
of the sample strip through an idler pulley and a 
hook cemented on the receiving crystal. The driv- 
ing crystal is not only driven by the output from the 
variable-frequency signal generator but is also used 
as a dead weight together with the additional weight 
W. The cathode-ray oscilloscope is used to measure 
the phase difference between the voltages on the 
sending and receiving crystals to determine the wave 
length. Again, the two vacuum-tube voltmeters, 
V.T.V.M,.1 and V.T.V.M. 2, are also used to meas- 
ure the relative values of voltage amplitudes on send- 
ing and receiving crystals respectively. 

Therefore, this apparatus can be used for both 
the above-mentioned methods. For the longitudinal 
wave resonance method the so-called resonance curve 
of the output voltage is obtained from CR.2 against 
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the driving frequency on CR.1 while keeping the 
length of sample strip constant; for the longitudinal 
wave propagation method the output voltage on 
CR.2 is measured while keeping the driving fre- 
quency and voltage on CR.1 constant. 

When one assumes here again that the nonrestored 
force is proportional to the rate of change of strain 
and that the restored force is proportional to the 
strain itself, the following well-known wave equa- 
tion results : 


p(07*u/dt?) = E(d*%u/dx?) + £(0%u/dx? dt) (14) 


where yu is the instantaneous displacement of a cross- 
section of the sample strip in the x direction; E, the 
tensile modulus of elasticity; €, the coefficient of 
normal viscosity; and p, the density of the material. 

Assuming that the driving force on the sample is 
a sinusoidal one of angular frequency », then the 
steady-state solution of equation (14) is given by 
the well-known equation as follows: 


= (A ,ecxt idx +4 Ace” (extidx)) g iat (15) 


where A, and As are constants which must be de- 
termined from the initial and boundary conditions 
of the experiments and ¢ and d are attenuation con- 
stant and factor of phase shift respectively, and they 
are represented as follows: 

(pw?/2) | (EB? 


+ wt’)! — E}/(E? +) (16) 


(pw? /2) {| (E? + wt)! + E}/(E? + wt) = (17) 


Furthermore, the two mechanical parameters of 
the sample strip, E and é, are introduced from equa- 
tions (16) and (17) as follows: 


(18) 
and 


£ = 2pcv(wv)?/(w? + cv")? (19) 


For (cv)? < w?, E => pv? 


— 


(18’) 


and 


& =~ 2pcv®/w (19’) 


where v is propagation wave velocity and is equal 
to w/d. 


Equations (18) and (19) relate the normal vis- 
cosity coefficient € and the tensile modulus of elas- 
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ticity E to the propagation constants, c and v, at a 
given angular frequency o. 

The final equations, which are available for the 
determination of propagation constants, can be in- 
troduced by substituting suitable experimental con- 
ditions into equation (15). 
Nolle [33] for the longitudinal wave resonance 
method and by Ballou and Smith [4] and Hillier 
and Kolsky [19] for the longitudinal wave propa- 
gation one, respectively. 


It had been done by 


Hence, it seems unneces- 
sary to describe the details again here. 

Both the upper and lower limits of the frequency 
range covered by these experimental methods are 
determined theoretically by the acoustical shape of 
the sample strip and practically by the dimension of 
the apparatus, respectively. The upper limit in our 
experiments, however, was in practice about 200 kc, 
which was appreciably lower than the theoretical 
one on account of some experimental difficulties. 
On the other hand, the lower limit was about 40 kc 
for the propagation method and about 2 ke for the 
resonance one, being limited by the effective height 
of the closed vessel in which the sample strip was 
maintained. Hence experiments in the higher fre- 
quency range were carried out mainly by the former 
method ; those in the lower frequency range, mainly 
by the latter. 

The static tension of the sample strip was as 
nearly as possible the same as in the previous ex- 
periments. However, in this case the dynamic ex- 
periment was under creep and the previous ex- 
periments were under stress relaxation caused by 
The dy- 
namic-strain amplitudes were extremely small com- 
pared with 


clamping the sample during vibration. 
those in the previous experiments. 
These differences in the experimental conditions 
should be taken into account in comparing the re- 


sults obtained by the different methods. 


Experimental Results 


The complex dynamic modulus E*() was eval- 
uated by substituting the results of two mechanical 
parameters, E and é, into equation (7) and was rep- 
resented by the real and imaginary parts, E,() 
and E,(#), in d/em*. The results are plotted in 
Figures 11-16 as a function of applied frequency 
for each fiber. 

In any figure, the region lower than 30 cps is the 
result obtained by the first free-damping method ; 
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the next region, from 40 to 400 cps, by the forced- the accuracy of measurement was somewhat low on 

vibration method; and the region higher than 1 ke account of multiple reflections. 

by the acoustic methods. As illustrated in these figures, some discontinuities 
The results of raw silk in the highest frequency between each region are observed, which may be 

range are plotted as open circles. This is because caused by the difference between each experimental 
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Fig. 11. Bemberg rayon at 20°C, 65% R.H., under static tension of 0.50 g/den. 
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Fig. 12. Viscose rayon (normal) at 20°C, 65% R.H., under static tension of 0.47 g/den. 
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arrangement with reference to the nature of the ap- 
plied static tension and to the magnitude of dynamic- 
strain amplitude. But these discontinuities seem to 
be too small to separate these whole results into two 
different categories, namely, the one obtained by 
the former two methods and the other obtained by 


the latter two acoustic methods. 


Meson 








TI 
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In any fiber, the real part of the complex dynamic 
modulus £,() seems to increase very slightly with 
increase of the frequency except with some increase 
in the supersonic range, but the experimental errors 
are too serious to determine the exact frequency de- 
pendence. The results obtained by the longitudinal 
forced vibration method, as shown in some figures, 
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Fig. 14. Raw silk at 20°C, 65% R.H., under static tension of 0.42 g/den. 
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have usually a somewhat opposite tendency. This 
may be caused not by the property of the sample 
strip itself but rather by the instrument habits and 
may be attributed to the nonlinear restoring force 
caused by the 


vibrator nonlinear 


restoring force may not be neglected for experiments 


suspension; the 
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Fig. 15. Degummed silk at 20°C, 
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ing frequency in the subsonic range. The former 
tendency generally appeared in all the fibers, and the 
latter is especially noticeable in regenerated cellulose 
fiber. 

The frequency dependence of mechanical loss tan- 
gent, tan 8, is similar to that of the imaginary part 
of the complex dynamic modulus. 

The striking anomalous dispersion of the complex 
dynamic modulus that was discovered for several 
rubberlike materials by Ivey et al. [21] and by Nolle 
[34] in the same frequency range is not detected in 
these textile fibers, but the real part of the complex 
dynamic modulus increases gradually, and the imagi- 
nary part has an almost constant value over several 
logarithmic decades of the frequency, suggesting 
that the dispersion occurs over nearly the whole 
range. Accordingly, it is reasonable to describe the 
results by the continuous distribution of relaxation 
times rather than by a few relaxation times. 

Then, it is necessary to obtain a complete spec- 
trum of relaxation times adopting equations (2’) 
and (2”) in order to explain the mechanism in- 
volved. 

The approximate methods classified from “zeroth” 
to higher-order approximations, which determine the 
spectrum from the phenomenological functions, have 
been presented by many authors [1, 2, 7, 8, 9, 12, 
23, 26, 34, 39, 40, 44], and the determination of the 
relaxation spectrum from the dynamic-modulus func- 
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ition is usually done by differentiating the real part, 
E,(), with respect to the logarithm of angular fre- 
quency. This conventional procedure is not very 
suitable for our results because, as mentioned above, 
the experimental results of any fiber do not give a 
sufficiently precise frequency dependence of the real 
part of complex dynamic modulus. Hence, in spite 
of somewhat lower accuracy theoretically, the ap- 
proximate method of zeroth order to determine the 
spectrum from the imaginary part was adopted ac- 
cording to the following equation: 


E! (In r) © 2/a[E2(w) Jont/s (20) 


where E’(In +) is the relaxation spectrum in the 
logarithmic time scale and is related to the relaxa- 
tion spectrum in linear time scale E(+) as follows: 


E’ (In r) = rE(r) (21) 


which follows from the fact that by definition 


E’ (In r)d In +r = E(r) dr (22) 


In Figure 17, the final results of the relaxation 
spectrum E’(In +r), in d/em?, are plotted as a func- 
tion of relaxation time + in seconds. Generally 
speaking, for any textile fiber, the spectrum seems 


to increase slightly at both ends of this relaxation 
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time range, but its general shape may belong to the 
category of so-called “box distribution.” 

Figure 18 * is a collection of recent data of relaxa- 
tion spectra reported by several authors for some 
high-polymeric materials in which the results by 
Ferry et al., Nohara, and Onogi were obtained not 
from the measurements over a wide frequency range 
but from those over a wide temperature range, re- 
ducing the temperature to the frequency on the basis 
of the so-called “thermo-rheological simplicity.” 

As is well known from tests with line spectra cor- 
responding to a few relaxation mechanisms, the re- 
laxation spectrum thus approximately determined 
does not exactly agree with its real form but is a 
somewhat broader one. However, as illustrated in 
the figure, the greatest difference is found between 
the spectrum of the textile fiber and that of the rub- 
berlike material. That is, the spectrum of the tex- 
tile fiber is represented by the so-called “box-distri- 
bution,” at least in the range of relaxation time from 
1 x 10° to 1 sec, while that of the rubberlike ma- 


3 The relaxation spectra E’ (In 7) of various high poly- 
mers where (1), the area marked by inclined lines, corre- 
sponds to our results; (2) is Saran fiber (Onogi [35]); (3) 
PVC-DOP (100:42), by Nohara [31], is reduced to 25°C 
by Onogi [35]; (4) Buna-N vulcanizate containing carbon- 
black, by Nolle [34]; (5) butyl rubber vulcanizate, by Ivey 
et al. [21]; (6) GR-S vulcanizate, by Ivey et al. [21]; (7) 
Polyisbutylene, collected by Marvin [29]; and (8) and (9) 
40% and 10% PVC-DMT gels respectively by Ferry et al. 
[10]. 
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Recent data on relaxation spectra 


terial is represented by the so-called “wedge-distri- 
bution” in the same range. 

The fact that the real part of the complex dynamic 
modulus of the textile fiber at the lowest frequency 
attained in our experiment is still very large when 
compared to that of the rubberlike material suggests 
that the relaxation spectrum of the textile fiber at 
even longer relaxation times than 1 sec may be 
higher than that of the rubberlike material, although 
its exact form cannot be predicted. Since the real 
part of the complex dynamic modulus at a frequency 
w is approximately represented in terms of the relax- 
ation spectrum by the following equation, 


Ey(w) = f E(r) dr 
ve 


Furthermore, as also recognized from the defini- 
tion of the relaxation spectrum given in equation 
(3), the quantity E(+)dr represents only the total 
sum of partial moduli of relaxation mechanisms fall- 
ing into the relaxation-time interval from + to 
rt + dr. 


the contribution to the total instantaneous modulus 


Strictly speaking, the quantity specifies only 


which is given approximately by 


x“ 
f E(r) dr, 
fos 


lim 


wm 
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and represents neither the individual quantity of 
partial modulus nor its distribution density sepa- 
rately. Again, as mentioned in the introduction, the 
relaxation spectrum is indeed a mathematical rep- 
resentation which can conveniently describe the 
viscoelastic behavior of materials and is nothing but 
a phenomenological representation which is never 
essential. 

It may be plausible to explain the differences be- 
tween the spectra of these two typical high-polymeric 
materials in terms of the molecular structures under 
the guidance of a viscoelastic structural “picture” 
which has been described by Tobolsky and Eyring 
[45], but the explanation cannot help but be specu- 
lative. 

Nevertheless, we believe that the difference be- 
tween the spectra of the extreme high polymers is 
ascribable to the difference between their molecular 
structures. It is of much interest that the spectrum 
intensities of all the high-polymeric materials illus- 
trated in the figure are almost equal in the range of 
relaxation time from 1 xX 10° to 1 X 10° sec and 
that the spectrum changes its shape from the so- 
called “wedge distribution” to the “box distribu- 
tion” in accordance with the change in the nature 
of materials to be tested from rubbery to highly 
oriented crystalline ones in the range of relaxation 
time from 1 X 10° to 1 sec. 

For model filaments of several high polymers, 
some experimental researches have been in progress 
to clarify the relationship between the spectrum and 
the molecular structure, especially molecular orien- 
tation and crystallization. 
be published later. 


The results of these will 
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TEXTILE RESEARCH JOURNAL 


Letters to the Editor 


Short communications in the form of Letters to the Editor are intended to provide prompt 
publication of significant new research results and to permit an exchange of views on papers 


previously published in the JourNAL. 


These communications are not submitted to formal re- 


view as are research papers, and the editors do not assume any share of the author’s responsi- 
bility for the information given or the opinions expressed. When work previously published 
in the JourNAL is the subject of critical comment, the authors of the original paper are given 
an opportunity to submit a reply, which will be published concurrently when possible. 


Studies on Wool Gelatin: Isolation of Acid Peptides 
from Room-Temperature Extracts’ 


UNIVERSITY OF HEIDELBERG 
Chemical Institute 
May 2, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


On treating wool with water protein-containing 
substances are solved. These substances which are 
called wool gelatin are of some significance in dyeing 
processes. The literature contains contradictory re- 
ports on the treating of wool with water with regard 
to the pH values of solutions, the evolution of NH, 
and H,S, and the quantity being solved [1-5]. Most 
authors examined only the reaction of boiling water 
with wool. More detailed investigation at dif- 
ferent temperatures has been carried out by Zahn 


[6]. 


and 


These experiments have now been repeated 
continued. Suint wool (Cape Merino) was 
thoroughly cleaned in six steps: continuous extrac- 
tion for 48 hr each with ethanol, ether, ethanol, 
ether ; stirring in ethanol above a perforated plate in 
order to remove sand; and picking out of parts of 
plants by hand. Analysis of the cleaned wool was 


Table I. 


This wool was now treated successively with dis- 


as shown in 


tilled water twice at room temperature, twice at 
50°C, and three times at 100°C. The extracts were 
filtered and evaporated in vacuo at 40°C to a small 
volume (Voleone). On evaporation the pH value 
increased and was then brought to pH 4.5 with acetic 
acid. The appearing precipitates were removed by 
centrifuging. The nitrogen contents of the solutions 


1 Presented to the International 
Conference, Australia, 1955. 
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were determined by the micro-Kjeldahl method. 
The multiplication of the nitrogen value by the factor 
6.2 gave a rough value for the protein contents. 
The results are summarized in Table II. A test 
investigation revealed that the amino acid com- 
position of the room-temperature extract differed 
most from wool. The wool gelatins isolated after 
boiling wool with water became more and more 
similar to wool with duration of treatment. The 
amino acid composition of wool gelatin resulting 
after boiling for 25 hr was close to the amino acid 
composition of untreated wool with the exception of 
the cystin contents. 

Further investigation was made on room-tempera- 
ture The were 
dialyzed for 70 hr by means of a parchment mem- 


extracts. concentrated solutions 


brane to remove inorganic material. Thirty-seven 
per cent of the protein substances also passed through 
the membrane. Investigation of the outside solution 
by paper chromatography showed glutamic acid, as- 
partic acid, and some lower peptides to be present. 
The inside substance was ninhydrine negative on 

The with 
This made the exist- 
ence of higher peptides probable. 
now gently evaporated to dryness. 


paper chromatographic test. reaction 
Cl,/KJ-starch was positive. 
The solution was 
The product was 
a brown glassy brittle mass containing 25% of pro- 
tein substances and 75% of impurities according to 
nitrogen analysis. Paper chromatography (solvent : 
SBA,? Whitman Nr.1) gave that the 

2 Mixture of 75% sec. 
10% water. 


evidence 


3utanol, 15% formic acid 90%, 


TABLE I 


Ashes 
Grease 


Alkali solubility 


Acid solubility 10.40% 
Cystin 11.49% 
Mean diameter of fibers 18.5u 





Avucust, 1955 


TABLE II 


pH Sol. 


Time 
(h) 
20 :30 74 
20 2-5 65 
50 235 48 
50 :30 96 

100 :60* 4 

100 375" 4 

100 75° 4 


Extract Temp. Liquor 


5.8 
5.8 
5.8 
5.8 
5.4 


* The washing machine made necessary these high solution 


TABLE III 


Isolated 

Peptide 
PI Asp, Glu, Ser, Gly, Val, Leu, Ala 
PII Asp, Glu, Ser, Gly, Leu, Thr, Ala 
PIII Asp, Glu, Gly, Thr, Ala 


Amino Acid Composition 


substance was composed of three parts: PI, PII, and 
PIII. 


70 mm within 10 days; 


PI remained on the starting point; PII ran 
PIII, 150 mm. 
substance was put on 60 X 60 cm sheets to isolate 


Enough 


after eluation a quantity of 2-3 mg each of the three 
peptides. The amino acid composition of PI, PII, 
and PIII was now investigated separately by hy- 
drolizing then with 6 N HCl for 12 hr in a sealed 
tube. No basic amino acids could be found in the 


three peptides. The results are given in Table III. 


Voleon 


Per Cent 


of Wool 


Protein 
Quantity 
(g) 
1.46 


pH Conc. g N 


(mc) 


280 10 

328 9 

250 6.6 
270 5.8 
250 6.4 
250 6.4 
250 6.4 


0.36 
0.12 0.03 
1.07 0.27 
0.50 0.12 
0.216 1.62 0.41 
0.372 2.30 0.58 
0.373 2.31 0.58 


0.236 
0.019 
0.172 
0.080 


Total vield of wool-gelatin: 2.35 % 


wool ratios. 


On continuing this work the extracts at 50°C and 
100°C are to be examined. 
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The Relationship of Aqueous-Extract pH to Grade in Raw 


Cotton of the U. 


FIELD Crops RESEARCH BRANCH 
Agricultural Research Service 
U.S. Dept. of Agriculture 
Beltsville, Maryland 

February 16, 1955 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


Certain observations have been made here recently 
which may interest your readers as information sup- 
plementary to that contained in four earlier papers 
in TEXTILE RESEARCH JoURNAL [1, 2, 3, 4]. In 


S. Crop of 1954 


1951, Hall and Elting [1] reported a high pH of 
aqueous extracts of raw cotton to be frequently in- 
dicative of certain undesirable use-value properties 
in the fiber and noted with some concern the ex- 
istence of quite considerable percentages of high-pH 
cotton among white Middling bales in the crops of 
1949 and 1950. 
Laboratory detailed some of the relationships of high 


At the same time a paper from this 


pH to preharvest weathering of the fiber and to mi- 
crobial activity and pointed out that the PH response 
is a highly sensitive one which might not indicate 
significant fiber damage in all cases [2], the latter 
point being expanded in a subsequent paper [3]. 
Recently, Wakeham and coworkers [4] conducted 
extensive fiber and commercial-scale spinning tests 
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on a pair of low-pH and high-pH samples and re- 
ported more short fibers, more waste and end break- 
age in spinning, and somewhat weaker yarns for the 
high-pH sample. Information on the relationship 
of pH to grade has been extremely limited, all re- 
ported PH data on graded samples having been con- 
fined to white Middling cotton [1, 4]. The objec- 
tive of the observations to be described here was to 
determine for a series of samples from the crop of 
1954 whether or not any relationship existed between 
the pH and the grade. 

In the months of October, November, and Decem- 
ber of 1954, 2350 classer’s samples were obtained 
from the cotton crop of that year in the several cot- 
ton-growing states of the United States. Of these 
samples 1040 were obtained and tested for pH in 
October, 884 in November, and 426 in December. 
The numbers of samples tested within each grade 
are shown in Table I. Of the total number of sam- 
ples, 42.9% were in the grades of Middling or better. 
The total number of samples from each of the several 
states was as follows: Alabama, 134; Arizona, 89; 
Arkansas, 200; California, 225; Georgia, 185; Lou- 
isiana, 199; Mississippi, 235; Missouri, 69; North 
Carolina, 103; New Mexico, 123; Oklahoma, 132; 
South Carolina, 40; Tennessee, 47; Texas, 569. 
Samples were chosen at random at frequent inter- 
vals, usually daily, between October 1 and Decem- 
ber 31 from a much larger series of randomly se- 
lected samples being received by Dorothy Nickerson 
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in the U. S. Department of Agriculture, Washing- 
ton, D. C. The PH test was carried out essentially 
as previously described [2]: Add 7.5 ce of boiled- 
and-cooled distilled water to 500 mg of fiber, tamp 
and knead for about 1 min, place 5 cc of the super- 
natant liquid in a test tube of 13-mm outside diame- 
ter, add 0.25 cc of Gramercy universal PH indicator, 
mix, and estimate pH to the nearest 0.1 pH unit 
from the color chart supplied with the indicator. 

Reference is made first to certain relationships 
between PH and grade which may be noted in the 
data of Table I. Both the average pH and the per- 
centage of high-pH samples increased from the bet- 
ter to the poorer grades. The designation “high 
pH” is used here to refer to pH values of 8.0 and 
higher. In the white samples of the four highest 
grades from all areas, i.e., Good Middling, Strict 
Middling, Middling Plus, and Middling, the per- 
centages of high-PH samples were 0, 2.1, 4.3, and 
7.1, respectively, whereas in the remaining or lower 
grades the percentages of high-pH samples were in 
general much higher. It was noted that in the 
higher grades such high-pH values as were found 
occurred principally in the samples classed as gray 
or spotted. 

The data of Table I also bring out the fact that 
the relationship of pH to grade may vary from one 
part of the country to another. When the percent- 
ages of high-pH samples for the white grades were 
calculated for the samples from the southeast-and- 














TABLE I. Summary of Data on Aqueous-Extract pH and Grade of 2350 Classer’s Samples of Cotton Fiber, 
U. S. Crop of 1954 
Percentage of High-pH 
Samples in Each Grade* 
White Grades Only Percentage of Samples in 
Numbers of - Different pH Groups for Each 
Samples Tested South- Spotted Grade (White Grades Only) 
SS east Tex., and (all areas) 
Spotted Average pH and = Okila., Gray, 
and (allsamples, All Mid- = and All 6.0- 7.0 8.0- 9.0 
Grade White Gray Tinged  allareas) Areas south Western Areas 6.9 7.9 8.9 and up 

Good Middling 37 15 —_ 6.54 0 0 26.4 97.3 2.7 0 0 
Strict Middling 227 86 6 6.63 2.1 2.8 1.9 14.0 92.1 §.7 1.7 0.4 
Middling Plus* 95 ~ 6.72 4.3 3.3 4.7 — 86.3 9.5 3.2 iB 
Middling 379 160 3 6.88 2 9.6 5.6 26.4 76.8 16.1 6.6 0.5 
Strict Low Middling Plus* 141 = — 6.74 2 4.3 5.6 — 78.0 17.0 4.2 0.7 
Strict Low Middling 395 129 4 7.36 30.6 48.2 14.0 23.2 47.1 22.3 22.5 8.1 
Low Middling Plus* 126 — ~ 7.28 25.4 32.9 11.1 - 51.6 23.0 20.6 4.8 
Low Middling 270 60 3 7.83 52.7 65.8 22.0 36.7 22.2 25.2 39.7 13.0 
Strict Good Ordinary Plus* 67 = - De 41.8 44.0 21.4 _ 22.5 35.8 31.4 10.4 
Strict Good Ordinary 114 —_ —_— 8.18 64.9 66.7 61.1 — 7.0 28.1 52.6 12.3 

Good Ordinary Plus* 7 - — 8.30 85.7 100.0 0 — 0 14.3 85.7 0 
Good Ordinary 26 — — 7.96 50.0 48.0 50.0 — 15.4 34.6 42.3 7.7 


* Samples of pH 8.0 or higher. 
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midsouth area and compared with the same percent- 
ages for the Texas-Oklahoma-and-western samples, 
it was found that the former area generally had a 
higher percentage of high-pH samples than the lat- 
ter, especially in Strict Low Middling and the lower 
grades (Table I). It was thought probable that, in 
the Texas-Oklahoma-and-western samples of lower 
grades, the lower percentage of high-pH cotton re- 
sulted from the fact that there was simply less mi- 
crobial growth on the fibér than in the corresponding 
grades in the southeast and midsouth, the lowered 
grade in the Texas-Oklahoma-and-western area be- 
ing probably more strongly associated with the pres- 
ence of leaf fragments, twigs, and other nonfibrous 
material. This interpretation was supported by the 
results of tests (not shown) in which the southeast- 
and-midsouth samples had definitely and consistently 
lower amounts of reducing constituents in a copper- 
reduction test. This test is very responsive to mi- 
crobial growth [3]. Another possible interpretation 
which came to mind was that for some reason the 
western samples simply did not have the capacity to 
increase in PH under the influence of microbial 
growth as the midsouth-and-southeastern samples 
did. 
of questionable validity, an experiment was carried 
out to test the point. Twenty-four Strict Middling 
samples of PH 6.3-6.7 from Arizona, California, 
New Mexico, Oklahoma, and Texas were incubated 
for 2 weeks in a water-vapor-saturated atmosphere 
with a pure culture of a fungus, Alternaria, as pre- 
viously described [2]. 


Although such an explanation was considered 


After incubation, all but one 
of the samples had a pH of 10.0, a single sample hav- 
ing a PH of 9.5. It was obvious, therefore, that the 
western samples did not lack the capacity for increas- 
ing in PH under the influence of microbial growth. 

Hall and Elting [1] reported definitely higher per- 
centages of high-pH samples in the white Middling 
grade in 1949 and 1950 than were observed in our 
laboratory, as reported in Table I for 1954. They 
found 15, 65, and 61% of southeastern Middling 
cotton of good color to be of PH 8.0 or higher for 
the crops of 1948, 1949, and 1950, respectively, and 
18, 43, and 63% for Middling white midsouth cot- 
ton of the same crops. It seemed worth while to be 
certain that this difference in results was not due to 
a difference in the method of making the pH deter- 
minations. In the Kendall method of pH determi- 
nation [1], 3 cc of hot water is added to 1 g of cot- 
ton, the wet fiber centrifuged, and the pH of the 
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centrifugate estimated to the nearest half-PpH unit 
by the use of a drop of Gramercy universal indicator. 
When this method was compared with the method 
this Laboratory employed, it was found that, in 
samples which tended toward a yellowish fiber color, 
the hot water extracted a good deal of the color, 
which interfered with the colorimetric pH determina- 
tion, this effect also being accentuated by the low 
water-to-fiber ratio used. As a result, the Kendall- 
method pH’s were difficult to estimate but in some 
cases much lower (approximately 0.3 to 1.3 PH 
units) than the USDA-method pH’s and never 
When the two types of extracts were tested 
with the glass-electrode pH meter instead of by in- 
dicator, it was observed that the hot-water (3:1) 
centrifugate was only slightly lower in pH than the 
cold-water (15:1) extract. 

In a personal letter to the writer, Dr. Elting has 
kindly communicated the fact that data from Kendall 
Mills’ tests on the PH of Middling grade white cot- 
ton of the crop of 1954 is in substantial agreement 
with that reported here in our Table I. He states 
“Of the cotton which we tested from the 1954 crop 
(1,389 samples, consisting of Eastern and Central 
points) 137 were alkaline. 


higher. 


This we believe com- 
pares favorably with the 9.6% shown in your table 
for Middling under the 
‘Southeast and Mid-south.’ 


cotton column headed 
While our data show- 
ing 10% and yours 9.6% may be a somewhat fortui- 
tous agreement . our data and yours yield re- 
sults of the same order of magnitude.” As a result 
of the foregoing data on comparative results by the 
Kendall and U.S.D.A. test methods and of the close 
agreement in results between the laboratories 
on the 1954 crop, it seems clear that the differences 
in numbers of high-pH samples between the 1949 
and 1950 crops on the one hand [1] and the 1954 
crop on the other cannot be ascribed to differences 
in the method of pH determination. 

It is suggested that the reason for the existence of 


a relationship between aqueous-extract pH and grade 


two 


is to be found in the facts that preharvest microbial 
growth on the fiber induces both an increase in PH 
and a darkening in color anal that the latter property 
is an important element in the determination of 
grade. No explanation is advanced as to the cause 
of the above-discussed differences in the prevalence 
of high-pH samples in Middling cotton between the 
data of Hall and Elting [1] and those here reported, 
further investigation of the point appearing desirable. 
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